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The Geology and Geochemistry of the Cotter Basin Stratabound + Vein Copper-Silver Deposit, Helena Formation, Lincoln, Lewis and Clark County, Montana (174 pp.)
Director: Dr. Ian M. Lange
The Cotter Basin stratabound + vein copper-silver deposit, lo­cated near Lincoln, Montana, lies in the middle of a 45 kilometer northwesterly-striking vein trend with Mineral Hill to the north­west and the Heddleston Cu-Mo porphyry to the southeast. Strata­bound copper-lead-zinc-silver mineralization hosted by most forma­tions of the Belt Supergroup (although predominantly by the Spo­kane Formation) is widespread in the region around Cotter Basin. The purpose of this study is to determine the genesis of both the stratabound and vein mineralization at Cotter Basin.The methods and procedures used to address this ore genesis problem include: 1) a literature search for data involving theCotter Basin area and similar geologic settings elsewhere; 2) geologic field mapping and sample collection; 3) pétrographie description of stratabound and vein mineralization; 4) trace ele­ment geochemical analyses of barren and mineralized vein and sedi­mentary rocks; 5) statistical analyses of trace element data; and 6) stable isotopy of sulfide, sulfate, and carbonate minerals.The data indicate that the stratabound and vein mineralization events were temporally separate and distinct. The stratabound mineralization event occurred during diagenesis. Ascending, oxic, metal-bearing porewater (from the Spokane Formation?) flushed through pyrite + organic-rich carbonate rocks of the Helena Form­ation, resulting in the replacive growth of copper sulfide miner­als. Vertical migration of the mineralizing fluids may have been localized by faults developed during the formation of the Belt basin.Veins formed between the lower Eocene and Miocene in reactivated Laramide reverse faults. The Cenozoic extensional faulting may be localized along weaknesses developed in the Proterozoic. The presence of tetrahedrite and mercury anomalies in vein rocks indicates they formed within the supra-ore halo of a hydrothermal system. Gravity data suggest the presence of concealed, altered intrusives which may be genetically and temporally related to the nearby Heddleston Cu-Mo porphyry deposit. The source of vein metals is most likely a mixture of remobilized stratabound mineralization (Spokane Formation) cut by Cenozoic faults, wall- rock mineralization in the Helena Formation exposed at Cotter Basin, and magmatic contributions.ii
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CHAPTER ONE 
INTRODUCTION
Purpose
The purpose of this study was to map the geology and 
determine the genesis of the Cotter Basin copper-silver- 
bearing calcite-quartz vein and adjacent disseminated wall- 
rock mineralization in the Middle Proterozoic Helena 
Formation, Belt Supergroup.
Location
Cotter Basin is located twelve kilometers north of 
Lincoln, Lewis and Clark County, Montana in the Stonewall 
Mountain 7.5 minute Quadrangle (Fig. 1). Detailed descrip­
tion of the Cotter Basin study area is in Appendix A.
Previous Work
Sporadic and poorly documented mining and ore testing 
occurred at Cotter Basin beginning in 1916 (Heikes, 1916). 
Geologic studies related to evaluation of proposed wilder­
ness areas have been conducted by the United States Geo­
logical Survey over the past decade (Earhart and others, 
1977; Mudge and others, 1974). Further details are avail­
able in Appendix B.
Procedures
I mapped the Cotter Basin area at a scale of 1:6000 
and collected geochemical and petrologic data of both the 
mineralized and surrounding area. Samples were taken of 
veins, wall-rock, and country rock. The purposes of 
sampling and analyzing the chemical composition of these 
rocks were to: 1) describe the vein's petrologic and
chemical characteristics; 2) describe and define the types 
of stratabound mineralization; and 3) develop and compare 
genetic models to explain the origins of the vein and 
stratabound mineralization and how they are related.
Figure 1. Location map of the Cotter Basin study area.
Cotter Basin lies at the southeast end of a 
west-northwest copper-silver vein trend which 
extends from Mineral Hill through Bugle Mountain 
and Copper Camp to Cotter Basin. The Heddleston 
copper-molybdenum porphyry and peripheral base 
and precious metal veins are 23 km. east of 
Cotter Basin.
neral Hill
Bugle Mountain
Red Mountain
^  \
N...
Copper; Camp Copper Cfeek 
/  Campground
Cotter Basin
Study Area
Heddleston
District
Lincoln
CHAPTER TWO 
GEOLOGY
PART ONE: REGIONAL GEOLOGY
Geologic Setting
Cotter Basin lies within a thrust plate bounded ten 
kilometers to the northeast by the northwest-trending 
Landers Fork segment of the Silver King thrust (McDonough, 
1985) (Fig. 2). The study area lies in the northeast 
corner of the Ovando Block (Winston, 1986a) and on the west 
side of the Montana Disturbed Belt (Figs. 3 and 4). The 
structural style within the Cretaceous to Eocene thrust 
plate is characterized by south dipping northwest to east- 
west- trending low to high angle Cenozoic normal faults; 
some normal faults may be reactivated Laramide reverse 
faults. The plate is bounded to the southwest by the 
normal fault-bounded north edge of the Lincoln Basin about 
thirteen kilometers from Cotter Basin (Fig. 2). To the 
south and east the Greyson, Spokane, and Helena formations 
host numerous Cretaceous outliers of the Boulder Batholith. 
The gravity map (Fig. 5) and profiles (Fig. 6) indicate 
some of these outliers may extend from Heddleston northwest 
through Cotter Basin and beyond to Mineral Hill (Kulik, 
1982). Short wavelength gravity lows imposed on this broad 
gravity high may indicate hydrothermal alteration of these
5
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inferred outliers (Earhart and others, 1981). Mudge and 
others (1974), Earhart and others (1977), and McDonough 
(1985) have most recently described the regional geology.
Figure 2. Generalized regional structure map from Mudge 
and others (1982) with modifications from 
McDonough (1985). Cotter Basin lies ten 
kilometers south of the Landers Fork segment 
(LFS) of the Silver King thrust. In the Cotter 
Basin area the Belt rocks dip 20 to 30° 
northeast. McDonough (1985) found that normal 
faulting is localized along or near thrust 
structures. AlsOy McDonough (1985) postulates 
that thrusting ramped along Proterozoic basement 
faults coincident with the northwest-southeast, 
south side down Jocko Line (Winston, 1986a). ET 
= Eldorado thrust, ST = Steinbach thrust, HT = 
Hoadley thrust, FCS, BS, and LFS = Falls Creek, 
Bighorn Creek, and Landers Fork segments of the 
Silver King thrust (SKT), CCFN = Cooney Creek 
normal fault, RRNF = Red Ridge normal fault, and 
CP = Caribou Peak thrust (McDonough, 1985).
Mapping Symbols (dashed where approximated);
-Thrust fault with teeth on upper 
plate.
-Normal fault with ball on
N downthrown side.\
' -Anticline 
-Syncline
y✓
5 10
Kilometers
B B N F
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4 7 W
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Figure 3, Stratigraphie section showing principal forma­
tions of the Belt Supergroup (not to scale) 
after Fig. 2, Winston (1986b). Cotter Basin is 
approximately two-thirds the distance from 
Marias Pass to Helena and the Big Belt Moun­
tains .
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Figure 4, Hypothetical crustal blocks of the Belt basin
after Fig, 11, Winston (1986b). Cotter Basin is 
25 kilometers west of Rogers Pass, south of the 
Jocko Line, and within the Ovando Block.
“ p"114" 112"
•T“110"
fiothBOd 
\L0k9
•  Great Foils
Rogers Pass
Little Belt 
Mountains
CHARLO
BLOCK
RATTLESNAKE UOVANDO D BLOCKN a u g c h th o nMissouia#^^ GARNET
GreenttomMtn* _ . . . .
Helena*« DEER] SAPPHIRE 
I  ALLOCHTHON
I LODGE BLOCK
PERRY
GRASSHOPPE 
PLATE DILLON BLOCK
/ •  Dillon
0 HELENA 
Itwnsend EMBAYMENT
46"-
13
Figure 5, Regional complete bouguer gravity map after
Kulik (1982). Profiles A-A* and B-B* are shown 
in Fig. 6. Contour interval equals 5 milligals 
Note the gravity maxima and minima along the 
Mineral Hill to Cotter Basin vein trend. The 
closed minima beneath Cotter Basin may be an 
altered intrusive. The steep east-west to 
northwest-southeast gradient south of Cotter 
Basin is the fault-bounded north edge of the 
Lincoln Basin.
112®50'19* 112®35' kOd A*
-15
o
Copper
a
Kilometers
15
Figure 6. Gravity profiles constructed after Kulik (1982).
Kulik (1982) believes that the gravity minima at 
Cotter Basin are associated with an altered 
intrusive body. The steep gradient south of 
Cotter Basin on profile A-A* is due to normal 
faulting at the edge of the Lincoln Basin.
Cotter Basin A'
sw NE
- -125-125-
mgals
- -150-150
-175-175
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Regional Economic Geology
Earhart and others (1981) described several types of 
base and precious metal mineralization in the region 
surrounding Cotter Basin. These are: 1) stratabound
copper +/- silver; 2) porphyry copper-molybdenum; 3) 
epithermal base and precious metal veins ; and 4) gold 
placers.
Formations most likely to host stratabound mineral­
ization and areas of known stratabound mineralization are 
shown in Fig. 7. Stratabound mineralization is subdivided 
by Earhart and others (1981) into greenbed (type 1), gray 
quartzite (type 2), and calcareous arenite (type 3). 
Greenbed mineralization is the most widespread type of 
stratabound mineralization occurring in all Belt formations 
except the Garnet Range and Bonner Quartzite. The Spokane 
and Empire Formations host the largest number of greenbed 
occurrences. Harrison (1972, 1974), Harrison and others 
(1969), Mudge and others (1974), Earhart and others (1977), 
and Earhart (1978) have described greenbed occurrences.
The copper minerals in greenbed occurrences are predomi­
nantly bornite with minor amounts of chalcocite and 
chalcopyrite. Trace amounts of silver, lead, zinc, and 
molybdenum occur in the greenbed type (Earhart and others, 
1981).
Gray quartzite mineralization is restricted to the
18
middle portion of the Spokane Formation. The host rock is 
very fine grained feldspathic, quartz arenite. This type 
of mineralization is characteristically high in copper and 
silver. The Bear Gulch Mine (a.k.a. Alice Creek) (Fig. 7) 
is a commercial occurrence of gray quartzite mineraliza­
tion. It is a pod containing 200 or more tons of ore 
averaging 70 ounces of silver per ton. The sulfide 
minerals are acanthite, chalcocite, digenite, and bornite 
(Earhart and others, 1981; Whipple, 1979; Connor, 1980).
Stratabound mineralization at Cotter Basin is of the 
calcareous arenite type (Mudge and others, 1968 and 1974; 
Earhart and others, 1977 and 1981). Here, widespread 
copper, lead, zinc, and silver mineralization occurs in the 
lower portion of the Helena Formation, especially the basal 
calcareous arenite. The sulfide assemblage is composed of 
chalcopyrite, bornite, chalcocite, galena, and/or 
sphalerite.
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Figure 7. Map showing areas of stratabound mineral poten­
tial in the Belt Supergroup after Earhart and 
others (1981). Red areas show stratabound 
mineralization. Three types of stratabound 
mineralization occur in seven Belt formations. 
They are;
Type 1: Greenbed Copper
- McNamara Formation
- Mount Shields Formation
- Snowslip Formation
- Empire and Spokane Formations
Type 2: Gray Quartzite Copper-Silver
H - Spokane Formation
Type 3: Calcareous Arenite
(CUy Pb, Zn +/- Ag)
:.:L:
' ' '. ' - Helena Formation
112*58'19'
47*18'50'
112*35'
47*10
47*00'
Kilometers
Mineral Hill
AI ce
Heddlesto
112*1319"
47*1850'
k47*10'
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112*58'19' 112*35' 112*1319'
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Three types of non-stratabound mineralization occur in 
the area (Fig. 8). These are gold placers, epithermal base 
and precious metal veins (e.g., Mike Horse Mine and Cotter 
Basin), and the Heddleston copper-molybdenum porphyry. The 
Heddleston deposit occurs in multiple igneous intrusives of 
Tertiary age, hosted by the Spokane Formation. The 
principal ore minerals are chalcopyrite and molybdenite. A 
detailed description is provided by Mil1er and others 
(1973). Base and precious metal veins interpreted to be 
younger than the Heddleston deposit lie peripherally to 
Heddleston. Information on these vein deposits is listed 
in Table 1. Earhart and others (1981) believe that the 
area extending northwest from Cotter Basin to Mineral Hill 
has a high potential for porphyry deposits similar to that 
at Heddleston. Their suggestion for such buried mineral­
ization rests upon 1) a mercury halo extending along the 
Cotter Basin to Mineral Hill vein trend, 2) northwesterly 
alignment of gravity anomalies indicative of buried, 
altered intrusives, and 3) sparse outcrops of monzonite 
porphyry similar to that found at Heddleston.
22
Figure 8. Map showing areas of vein, porphyry Cu-Mo, and 
Au placer mineralization after Earhart and 
others (1981). Cotter Basin is at the southeast 
end of a northwest-striking vein trend from 
Mineral Hill to Cotter Basin. The envelope 
surrounding this trend is an area of inferred 
mineral potential (Earhart and others, 1981).
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Table 1. Mines and Minerai Production (Earhart and others, 
1981)
MINE COMMODITIES
VALUE OR AMOUNT 
OF PRODUCT
Anaconda 
Bobby Boy 
Calliope 
Carbonate 
Consolidation 
Iron Hill 
Midnight 
Mike Horse 
Paymaster
Au—Ag—Cu—Pb—Zn 
Ag-Cu-Pb 
Au-Ag
Ag—---Pb—Zn
Au—Ag—Cu—Pb—Zn—Mo 
Pb-Zn 
Au—Ag—Cu—Pb—Zn 
Au—Ag—Cu—Pb—Zn————Bi 
Pb-Zn
$30,000 
not recorded 
$11,000 
$3,000 
1 car load 
not recorded 
not recorded 
$6,942,565 
about 100 tons
CHAPTER TWO 
GEOLOGY
PART TWO: THE GEOLOGY OF COTTER BASIN
Introduction
Cotter Basin is a north-facing steep-walled and semi- 
rectangular cirque (Figs. 9, 10, and 11). Vertical relief 
reaches 250 meters, and three ephemeral tarns within the 
basin form the headwaters of Cotter Creek.
Both natural and man-made exposures were described, 
mapped, and sampled. Sample locations are shown on the 
outcrop geologic map of Cotter Basin (Fig. 11). Good to 
excellent exposures of the Helena and Empire Formations 
line the west wall and the northern base of Cotter Basin 
(locations S, T, U, and V). Other natural exposures 
include locations 3, 4, and 8. Exposures in the bottom of 
the basin are glacially striated (NSO^E) and below in the 
Cotter Creek valley lies a thick blanket of glacial till.
The remaining exposures that I sampled were man-made 
and consisted mainly of vein and fractured wall-rock. 
Location 9 was exposed by road work while locations 2, 7, 
P, Q, and D were exposed for claim evaluation purposes. 
Locations P and 7 are the best developed exposures of vein 
mineralization.
In addition to samples collected at Cotter Basin,
25
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Dr. Ian M. Lange and I collected vein and stratabound 
mineralized samples at Copper Camp which is an occurrence 
similar to Cotter Basin (Earhart and others, 1977), 
Samples from Copper Camp are designated as location CC 
(Fig. 9).
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Figure 9. Portion of Stonewall Mountain 7,5 minute quad­
rangle showing the physiography of Cotter Basin 
and Copper Camp. The Copper Creek Basin and 
smaller Cotter Basin are cirque basins and are 
floored by a thick blanket of glacial till. The 
cirque walls, however are well exposed. The 
area of detailed mapping in Figure 11 and the 
vantage point of Figure 10 are shown. Copper 
Camp lies on a vein trend with Cotter Basin 
(Earhart and others, 1977) and some samples 
(designated location CC) were collected for 
comparitive purposes. A copper-silver-bearing 
oolite bed in the lower Helena Formation (Lange 
and Eby, 1978 and 1981) was also sampled (sample 
type SOH).
47̂ 44*.
Copper Camp
location CCI ', > ( \
Location of Figure 
Cotter Basin
vantage point & orientation of Figure
Kilometers
'47%3f
1l2“4ÿ54'
Stonewal Motntain Quadtangle, Montana to00
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Figure 10. Northeast-facing view of Cotter Basin. The
vantage point and orientation of this photo are 
shown in Fig. 9. Tarns at center form the 
headwaters of Cotter Creek.
30
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Figure 11. Outcrop geologic map of Cotter Basin. Key to 
symbols follows in Table 2. Map location is 
shown in Fig. 9. Cross-sections C-C* and D-D* 
are Figs. 12 and 13, respectively. Mapping 
units are 1) Empire Formation, 2) Helena 
Formation, 3) Proterozoic meta-andesite, 4) 
Tertiary dacite and andésite porphyry, and 5) 
calcite-quartz veins. Sedimentary rocks dip 
15 to 24 NNE except within 3 to 6 meters of 
fault zones where dips range from 30 to 75 
NNE (reverse drag). All faults have normal 
offset. Vein mineralization only occurs in SSE 
to SSW-dipping faults A and E and in WNW- 
dipping fault D where it cuts older fault E. 
Fault E may be fault A, offset by fault D. The
dip angles of faults B, C, and D range from 55
to 75 , but faults A and E are lower angle ^
fault§ with dip angles ranging from 15 to 33 .
Faults A and E may be reactivated reverse 
faults similar to normal faults described by 
McDonough (1985) .
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Table 2 - Key to Mapping Symbols 33
( 9 — Limit of outcrop
— Float
— Strike and dtp
X — Strike and vertical dip
w W — Shear zone with vein mineralization
— Normal fault with ha# and bar on the downthrown side
— Tertiary (5 5 .0  m*y.b.p.) dacite porphyry 
—Tertiary (?) andésite porphyry
— Proterozoic meta—andésite
-Proterozoic Helena Formation
— Proterozoic Empire Formation
— Sampling location
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Structural Setting of Cotter Basin
Five normal faults were mapped (Fig. 11). Faults A 
and E are SSE to SSW-dipping low angle normal faults (dips 
15° to 33°) and may be the same fault offset by fault D, a 
WNW-dipping high angle normal fault (dip angle 70°). Vein 
mineralization is exposed along faults A and E and in fault 
D where it intersects fault E. Normal faults B and C do 
not host vein mineralization and their dip angles range 
from 55° to 75° SW.
Sedimentary rocks dip 15° to 24° NNE except within 
3 to 6 meters of normal faults where reverse drag folds 
(30° to 75° NNE dip) are exposed in the hanging-wall (foot- 
wall exposures are very rare). Also, high fracture density 
and breccia (Fig. 15) occur in fault zone A.
McDonough (1985) stated that normal faults 10 to 15 )cm 
north of Cotter Basin (e.g. Cooney Creek normal fault) may 
be either reactivated reverse faults or listric normal faults 
which sole into a decollement surface. I interpret low 
angle faults A and E to be the same fault, offset by 
younger fault D; moreover, based on fault breccia, reverse 
drag, and low fault angle, I believe faults A and E are a 
reactivated reverse fault. In addition I interpret high 
angle faults B and C to be similar in age to D (i.e., 
younger than A and E) - late high angle Miocene (?) normal 
faulting.
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I have constructed a structural interpretation of 
Cotter Basin in cross-section view (Figs. 12 and 13). 
Fault throws are constrained by an oolite bed 104 meters 
above the Helena-Empire contact (Fig. 14).
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Figure 12. Structural cross-section C-C' (approximately 
dip to bedding). The main pit area (location 
P) lies coincident with the intersection with 
section D-D* (Fig. 13). Vein mineralization 
occurs in fault A in this cross-section. Low 
fault angle, fault breccia, and reverse drag in 
the hanging-wall may indicate that fault A is a 
reactivated reverse fault, extended in the 
Miocene (McDonough, 1985). The oolite bed at 
104 meters above the Helena-Empire contact 
(Fig. 14) was used as a mar)cer to correlate 
across faults. Key to symbols :
- Helena Formation
- Empire Formation
- Spokane Formation
- Eocene Dacite Porphyry
- 104 meter oolite marker bed
8000-
7000H
6000'
500' ÇD-D no vert. exag. 
?
u>
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Figure 13. Structural cross-section D-D* (approximately 
strike to bedding). Decker Adit (location D) 
is near the intersection of faults D and E.
The main pit area (location P) coincides with 
the intersection with C-C*. The dike and 
inferred stock shown west of center are eocene 
dacite porphyry which is offset by fault A (not 
in plane of cross-section). See Fig. 12 for 
key to symbols.
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Figure 14. Stratigraphie positions of sample locations.
The oolite bed at 104 meters above the Helena- 
Empire contact served as the key marker horizon 
to correlate across fault A. Because of 
limited stratigraphie control I was unable to 
determine the stratigraphie position of 
location D within the Helena Formation.
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Sampling
Samples were collected from the locations shown in 
Figs. 9, 11, and 14 for pétrographie and geochemical 
analyses. A total of 144 samples were analyzed for this 
study. These samples are classified into the seven types 
listed in Table 3. They are veins (V), sedimentary rocks 
not spatially associated with fault zones (SU), sedimentary 
rocks adjacent to fault zones (SF), the oolite bed which 
hosts stratabound mineralization at Copper Camp (SOH), 
Proterozoic meta-andesite (IMA), Tertiary dacite porphyry 
(IDP), and soils (GS). Table 3 shows how many of each 
sample type were gathered at each location.
The sample naming convention that I have devised for 
this study is as follows:
location.sample type:sample number, or sequence number 
For example, P.V:1 was collected at location P, is a vein 
(V) type sample, and was the first grab sample collected at 
P of the V type. Because stratigraphie variations were 
important to this study, sedimentary rocks (SU, SF) were 
collected sequentially, either parallel (h), oblique (d), 
or normal (v) to bedding. For example, at location S I 
sampled in a 1 meter sample interval perpendicular to 
bedding. Here, the first sample I collected is named 
S .SU:0-lv and the tenth sample is S.SU:9-lOv.
Table 3
Location
Veins
V
Sedime
SU
mtary
SF
Rocks
SOH
Igneouî
IMA
5 Rocks 
IDP
Soils
GS Total
CC 2 0 0 17 G G G 19
P 9 0 18 G G G G 27
D 3 0 1 G G G G 4
7 1 0 5 G G G G 6
2 0 0 9 G G G G 9
S 0 13 0 G G G G 13
T 0 28 0 0 2 G G 3G
ü 0 16 G G 1 G G 17
V 0 12 G G 1 G G 13
3 0 0 G 1 G G G 1
4 0 1 G G G G G 1
8 0 0 1 G G G G 1
9 0 0 G G 1 G G 1
Q 0 0 G G G 1 G 1
G 0 0 G G G G 1 1
Total 15 70 34 18 5 1 1 144
w
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Rock Units
Empire and Helena Formations
The upper 100 to 200 meters of the Empire Formation is 
exposed in Cotter Basin. The lower Empire exposure 
consists of interbedded red and green siltite, argillite, 
and quartzite containing varying amounts of carbonate.
These grade upward to calcareous and dolomitic green and 
gray siltite and argillite and interstratified with 
occasional thin quartzite beds of the Helena Formation.
The Helena-Empire boundary is transitional, and the 
top of the Empire is defined as the uppermost thick green 
argillite sequence below the predominantly carbonate 
lithologies of the Helena Formation (Mudge and others,
1974). Helena lithologies consist of black, gray, and 
green calcareous and dolomitic siltite and argillite, and 
silty dolomite and limestone. Many carbonate beds contain 
a variety of "molar-tooth" structures including vertical 
and horizontal ribbons, blobs, lenses, pods, and beds of 
hash (O'Connor, 1967) . Less common, but widespread in the 
section are intraclastic edgewise conglomerate beds, oolite 
beds, and stromatolitic horizons.
The Helena Formation is characterized by carbonate 
cycles (O'Connor, 1967? Eby, 1977, Grotzinger, 1981), 
rhythmic sequences composed of scour and fill lag concen­
trations (molar-tooth hash) topped by molar-tooth-bearing
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clastic and carbonate lithologies overlain by calcareous or 
dolomitic siltite or micrite.
Large pyrite crystals are abundant within green-bed 
sequences of both the Empire and Helena Formations. They 
occur as cubes or pyritohedrons ranging in size from 
several millimeters to 2 centimeters. I observed an 
inverse correlation between sediment grain size and pyrite 
crystal size. The largest (0.5 cm to 2 cm) crystals are in 
argillite or siltite; the smallest (less than 0.5 cm) are 
in fine to coarse-grained sandstone. Disseminated 
microscopic pyrite crystals are most common in carbonate 
rocks of the Helena Formation.
Stratabound copper-lead-zinc-silver mineralization 
occurs in calcareous arenite, molar-tooth dolomite, massive 
dolomite, and oolite beds. It occurs as disseminated 
replacement of pyrite and/or matrix and less commonly in 
fenestral void fillings (bird’s eye structures).
Middle Proterozoic Meta-andesite
A one meter wide green meta-andesite porphyry dike 
(location 9) with an aphanitic groundmass and 1-5 mm long 
phenocrysts of chloritized biotite, hornblende, and 
feldspar cuts non-contact metamorphosed host rock.
Partially altered argillite xenoliths are entombed within 
the dike. Two 30-70 centimeter thick aphanitic meta- 
andesite sills were also mapped (locations T, U, and V).
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This meta-andesite is middle Proterozoic in age, 
approximately coeval with the Purcell Lavas (Earhart,
1975).
Disseminated pyrite crystals occur as clots in both 
the sills and the dike.
Tertiary Dacite and Andésite Porphyry
A north-south trending propylitically altered dacite 
porphyry dike up to a meter wide is exposed in an old 
portal at the west end of Cotter Mine (location Q).
Greenish white 1-4 mm long plagioclase laths occur together 
with similar size alkali feldspar euhedra in an aphanitic 
biotite-feldspar hornblende-quartz-bearing groundmass. 
Chlorite has replaced 70% to 80% of the mafic minerals, and 
disseminated pyrite (and minor chalcopyrite) in turn 
replaced 5% to 10% of the chlorite and primary mafic 
minerals. The feldspar phenocrysts are partially to 
totally altered to sericite.
The potassium-argon age date of biotite from the dacite 
porphyry dike is 55.0 +/- 2.9 million years before present 
(analyzed by Krueger Enterprises, Inc., 3/18/83) which is 
very similar to the K-Ar age of 58.3 m.y.b.p. from 
monzonite porphyry exposed in the Heddleston District 
(Mudge and others, 1982).
Numerous blocks of fresh to slightly altered andésite 
porphyry float with andesine phenocrysts occur on the east
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side of the ridge on the south side of Fig. 11. This 
andésite is visibly very different from either the 
Proterozoic meta-andesite or the dacite porphyry described 
above.
Calcite-Quartz Veins
Copper, silver, and minor lead-zinc vein mineral­
ization occurs in faults A and E at locations P, 7, and D. 
Vein samples gathered at Copper Camp were taken from piles 
outside of portals. Veins rarely exceed 50 cm in 
thickness. Figure 15 is an exposed portion of 
vein at the east end of location P. The hanging-wall at 
this location is a sharp contact with black argillite, but 
the foot-wal1 is brecciated. It appears faulting continued 
during vein formation.
Veins vary minera1ogica1ly from one location to the 
next. Table 4 summarizes the observed variations.
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Figure 15. Tetrahedrite-bearing calcite-quartz vein at the 
east end of location P. Vein is in fault A. 
There is a hammer at the left side for scale. 
The hanging-wall is a sharp contact with 
fractured black argillite while the foot-wal1 
is brecciated. Fault movement continued 
through vein deposition; slip occurred at the 
vein's base in the hanging-wall. Sample P.V:8 
was taken from this locale. View is to the 
south, east is to the left.
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Table 4, Vein Mineralogy
Location
Sulfide
Minerals
Supergene
Minerals
Gangue
Minerals
P
7
D
CC
Tt,Cp,Gn,Mb 
Bn,Tt,Cp 
Bn,Cp
Bn
Az,Mal 
Mai,Chr,Bro 
BrOfMal
Bro,Mal,Cc
Cal,Qtz
Cal,Qtz
Cal,Ank,Qtz, 
Dol
Qtz,Bar
Abbreviations; Ank-Ankerite=Ca(Mg,Fe)(COg)^
Az-Azurite=Cu^(CO^)^(OH)^
Bar-Barite=BaSO^
Bn-Bornite=Cu^FeS^
Bro-Brochantite=Cu^SO^(OH)^
Cal-Calcite=CaCO^
Cc-Chalcocite=Cu2S
Chr-Chrysocolla=CuSiOg•2H^0
Cp”Chalcopyrite=CuFeS2
Dol-Dolomite=CaMg(CO^ )2
Gn-Galena=PbS
Mal-Malachite=CU2(CO^)(OH) 2 
Mb-Molybdenite=MoS2 
Qtz-Quartz=SiO^ 
Tt-Tetrahedrite=(Cu,Fe)
See Figs. 9 and 11 for locations
CHAPTER 3 
PETROLOGY
Introduction
My aim in this chapter is to describe the two types of 
sulfide mineralization at Cotter Basin through microscopic 
and x-ray diffraction analyses. They are: sediment-hosted
stratabound and epithermal vein mineralization. Texture 
and mineralogy vary from location to location within each 
principal type of mineralization. For example, vein 
mineralogy contains original sulfide, supergene, and gangue 
mineral suites that differ at locations P, 7, D, and CC 
(Table 4).
Stratabound Mineralization
Sedimentary rock samples which host stratabound 
mineralization are subdivided into three types: SOH, SF,
and SU. SOH (Sedimentary Oolite Horizon) samples were 
collected from the copper-silver-bearing oolite horizon 
exposed at Copper Camp (location CC, Fig. 9) (Lange and 
Eby, 1978, 1981) and a barren occurrence of the same bed at 
Cotter Basin (location 3, Fig. 11). Sedimentary rock 
samples which came from the shear zones of faults A and E 
are denoted as type SF (Sedimentary rocks adjacent to Fault 
zones) and come from locations P, D, 2, and 7 at Cotter
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Basin. Finally, samples of type SU (Sedimentary rocks 
spatially l)nassociated with fault zones) came from 
locations S, T, U , V, 4, and 9. SU samples are sedimentary 
rocks of the Helena and Empire Formations which do not lie 
in any shear zone and are not from the oolite horizon 
mentioned above.
The mineralized oolite-bearing bed at Copper Camp lies 
approximately 104 meters above the Empire-Helena contact. 
The bed is 5 to 20 centimeters thick and is mineralized 160 
meters along strike at Copper Camp. Lange and Eby (1978,
19 81) have described this occurrence. The following 
paragenetic relationships were observed:
1) Pelloids and ooids are partially recrystallized to 
microspar.
2) Some ooids and pelloids have been replaced by 
chert.
3) Pelloids and ooids are commonly rimmed by quartz.
4) Pyrite is partially replaced by quartz and copper 
sulfide minerals.
5) Quartz is cut by copper sulfide minerals.
6) Chalcopyrite is partially replaced by chalcocite 
and bornite.
7) Finely disseminated sulfide minerals occur in 
mudchips, argillite interbeds, and pelloids.
The same bed is also exposed at Cotter Basin (location 3,
Fig. 11) on the high side of fault A (Fig. 14); however,
unlike the Copper Camp occurrence, the bed at Cotter Basin
bears only pyrite. Lange and Eby (1978, 1981) and Lange and
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others (1986) have described a mineralized oolite bed 
similar to the Copper Camp occurrence hosted by the Spokane 
Formation near Wolf Creek, Montana.
The second type of stratabound mineralization is type 
SF (Sedimentary rocks adjacent to zones) in which
chalcopyrite and pyrite are the principal sulfide minerals 
in small 0.5 meter or less thick irregular occurrences less 
than 1 meter in strike length. The host lithologies for 
stratabound (SF) mineralization at locations P, 2, and 7 
are: 1) molar-tooth-bearing dolomite (dolomicrosparite);
2) black, organic-C-rich(?) fine-grained nodular limestone 
(microsparite); and 3) massive, fine-grained dolomicrospar- 
rich siltite. Most of the stratabound mineralization is in 
molar-tooth-bearing dolomite and black fine-grained 
limestone. (Neither the oolite-bearing bed (locations CC 
and 3; type SOH) discussed above nor any other coarse 
clastic lithologies were exposed along fault zones A or E).
Figures 16 through 21 are photomicrographs of typical 
stratabound (SF) mineralization from fault zone A at 
locations P, 2, and 7. Host lithologies in these examples 
are molar-tooth-bearing dolomite and black fine-grained 
nodular limestone. The ore texture of black nodular 
limestone (Figs. 16 and 17) is disseminated chalcopyrite 
and illustrates the most widespread and common type of 
stratabound mineralization where chalcopyrite has replaced
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pyrite and matrix* The bird's eye structure, which is 
fenestral void filling, is a less common type stratabound 
ore texture. I observed two types of void filling 
textures. In the first type (figs. 18 and 19) blocky 
calcite and minor quartz line the void and quartz and 
sulfide mineral fill the core, and in the second type 
(figs. 20 and 21) quartz lines the void and chalcopyrite 
fills the core.
Thus, two types of ore texture occur in the type SF 
samples: 1) disseminated chalcopyrite +/- bornite which
replaced pyrite and fine-grained microspar and organic- 
bearing matrix (Figs. 16 and 17) and 2) chalcopyrite + 
quartz and/or blocky calcite filled the cores of fenestral 
voids (bird's eye structures) (Figs. 18-21). Similar 
bird's eye structures in the Spokane Formation near Wolf 
Creek, Montana have been described by Lange and others 
(1986) .
The distinction I have made between SF (Sedimentary 
rocks adjacent to Fault zones) and SU (Sedimentary rocks 
spatially Unassociated with fault zones) stems from the 
fact that visible stratabound copper +/- silver, lead, or 
zinc mineralization at Cotter Basin only occurs in fault 
zones A and E (i.e., within approximately 6 meters of the 
fault). I observed no visible copper +/- silver, lead, or 
zinc mineralization at locations S, T, U, V, 4, or 9 (some
55
rocks were, however, geochemically anomalous); none of 
these locations are in fault zones. This apparent local­
ization of stratabound copper +/- silver mineralization in 
fault zones has genetic implications with regard to the 
migration path of copper + trace element-bearing ore 
fluids. This will be amplified in Chapters 5 and 6.
I observed no stratabound copper-bearing mineral­
ization in fault zone exposures of siliciclastic litho­
logies such as green and black argillite and siltite. 
However, green argillite hosts pyrite crystals more than 
one centimeter across; thus diagenetic pyrite formed, but 
was not replaced by copper. Geochemical data presented in 
the next chapter support the observation that carbonate- 
bearing lithologies are enriched in copper and other trace 
elements relative to siliciclastic lithologies.
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Figure 16. Disseminated chalcopyrite (black) in black, 
fine-grained nodular limestone bed (sample 
P.SF:12d). Cross-polarized light. Organic 
carbon (black) is present. Matrix is 
microspar-rich. This nodule is 10 centimeters 
across.
Figure 17. Same as Fig. 16, but in reflected light. Large 
yellow mass in center is chalcopyrite. The 
semi-euhedra1 nature (cubic) of the chalco­
pyrite indicates replacement of pyrite which 
had replaced matrix. Note the large number of 
non-reflective black particles of organic 
carbon.
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Field width is 2.5 millimeters
Field width is 2.5 millimeters
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Figure 18. Bird's eye structure in sample 2.SF:12d in 
cross-polarized light. Host rock is molar- 
tooth-bearing dolomite. Black mineral in 
center is chalcopyrite which is accompanied by 
quartz. Blocky calcite surrounds the chalco­
pyrite /quartz core, and the calcite is in turn 
rimmed by quartz and albite. Quartz, albite, 
calcite, and chalcopyrite (after pyrite?) 
filled this void. This assemblage is very 
similar to the bird's eye structures described 
by Lange and others (1986) near Wolf Creek, 
Montana. At Wolf Creek, bird's eye structures 
are hosted by green siltstone and carbonate 
beds of the Spokane Formation.
Figure 19. Same view as in Fig. 18, but in reflected 
light. Round, yellow mineral in center of 
bird's eye structure is chalcopyrite.
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Figure 20. Bird's eye structure in cross-polarized light, 
sample 7.SF:3-4h. Host rock is molar-tooth- 
bearing dolomite. Quartz lined the fenestral 
void and was followed by the formation of the 
chalcopyrite core (black).
Figure 21. Same view as Fig. 20, but in reflected light. 
Yellow mineral in center of bird's eye 
structure is chalcopyrite.
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Field width is 2.5 millimeters.
widthField millimeters.
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The third type of sedimentary rock samples that I 
studied was SU (Sedimentary rocks spatially ^nassociated 
with fault zones). Sample locations S, T, U, V, 4, and 9 
are of this type. I observed only pyrite mineralization in 
type SU samples. There were, however, trace element 
anomalies which are discussed in Chapter 4.
Pyrite mineralization is very common in most rock 
types. If trace element-bearing waters had migrated 
through these pyrite bearing rocks, stratabound mineral­
ization might have occurred. For this reason, the under­
standing of pyrite mineralization is an important clue in 
the study of the origin of stratabound copper mineral­
ization such as the oolite bed at Copper Camp (CC). In 
other places pyrite mineralization represents the pre- 
cuprous sulfide mineralization phase during diagenesis 
(e.g., Renfro, 1974; Brown, 1978; Chartrand and Brown,
1985) .
The importance of the close association of pyrite 
mineralization with organic matter cannot be understated 
(although not yet proven for the Belt). Algal-rich 
horizons are the sites of hydrogen sulfide production by 
anaerobic bacteria and subsequently the formation of pyrite 
(Renfro, 1974). Figs. 22 and 23 illustrate the close 
association of pyrite with algal material.
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Figure 22. U-shaped algal fragment in molar-tooth-bearing 
dolomite (sample U .SU ;41-42v), cross-polarized 
light. This organic-rich fragment is the site 
of pyrite mineralization (Fig. 23). Albite and 
quartz surround this algal fragment.
Figure 23. Enlarged view of algal fragment in Fig. 22 in 
reflected light. Pyrite (yellow) is dissemi­
nated throughout the algal fragment. This 
illustrates the close association between 
pyrite and organic matter.
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Vein Mineralization
Copper-silver-bearing calcite-quartz veins occur in 
fault zones A and E (locations P, 1, and D) and a similar 
structural setting at Copper Camp (location CC). The vein 
mineralogy for each sample location is summarized in Table 
4. Summarized below in Table 5 are the textural and 
minéralogie trends for each fault zone. Figure numbers of 
examples are in parentheses.
Table 5. Vein Textural & Minéralogie Trends.
Fault A Faults D,E Fault 0 CC
Sample Locations
Sulfides
Tetrahedrite
Chalcopyrite
Bornite
Galena
Molybdenite
Gangue
Calcite
Quartz
Barite
Dolomite
Ankerite
Texture
Not Zoned 
Blocky Calcite 
Sulfide Clots 
Disseminated Sulfides 
Late Quartz-Sulfide 
veinlets
P & 7
yes (24) 
y e s (24) 
yes
y e s (25) 
yes(xrd)
y e s (26) 
y e s (26) 
no 
yes 
no
yes
y e s (26) 
y e s (24) 
yes
y e s (27-31)
no
y e s (32) 
yes (32) 
no 
no
yes
yes
no
yes
yes
yes
yes
yes
yes
yes
CC
no
no
y e s (34)
no
no
no
yes
y e s (33)
no
no
yes
no
yes
yes
yes
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Photomicrographic examples of vein textural and 
mineralogical relationships are shown below in Figs. 24-34. 
X-ray diffraction was used to confirm sample mineralogy 
(Appendix C ) .
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Figure 24. Vein sample from location P in reflected light. 
Tetrahedrite (gray) and chalcopyrite (yellow) 
clot is hosted by calcite vein (dark brown). 
Note the fractures cutting the tetrahedrite and 
chalcopyrite. Tetrahedrite*s color, softness 
(note polishing marks), and fracturability are 
diagnostic. X-ray diffraction was used in this 
and all samples to confirm mineralogy.
Figure 25. Rare galena (light salmon) occurrence from 
location P in reflected light. Host is 
calcite-quartz vein. Galena cross-cuts older 
calcite-quartz vein. Note diagnostic galena 
cleavage pits.
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Figure 26. Example of a quartz vein cross-cutting older 
blocky calcite vein in cross-polarized light 
(location P). Paragenetically, blocky calcite 
+/- sulfide clots + quartz pre-dates late 
cross-cutting quartz +/- sulfide veinlets.
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Field width is 5.0 millimeters.
71
Figure 27. Tetrahedrite (black)-bearing calcite-quartz 
veinlet hosted by a stromatolite at the west 
end of location P (Fig. 29), cross-polarized 
light. Quartz at right is in contact with host 
rock and in turn blocky calcite contacts 
quartz. Sulfides appear as clots and fracture 
fillings.
Figure 28. Same as Fig. 21, but in reflected light. Large 
fractured sulfide mineral at left center is 
tetrahedrite (bright yellow). Note the veinlet 
which contacts the upper right corner of the 
tetrahedrite crystal. Ramdohr (1980) notes 
that tetrahedrite easily forms breccia and 
cataclastic structures as seen here.
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Figure 29. Stromatolite at the west end of location P
which hosts the veinlet shown in Figs. 27 and 
28.
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Pentax lens cap for scale.
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Figure 30. Chalcopyrite (blacky center)-bearing calcite- 
quartz veinlet from location 7 in cross-polar­
ized light. Host rock is dolomicrosparite. As 
in the veinlet shown in Figs. 27 and 28, quartz 
is in contact with the host rock and calcite is 
in turn in contact with quartz. The chalco­
pyrite clot which lies between the calcite and 
quartz is younger than the quartz which 
displays several crystal faces.
Figure 31. Same as in Fig. 30, but in reflected light.
Brightly colored mineral is chalcopyrite.
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Field width is 5.0 millimeters
Field width is 5.0 millimeters
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Pigur. 32. TÀIAIT
are coherent chalcopyrite exsolution (cp)•
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Field width is 0.5 millimeters.
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Figure 33. Bornite (black)-bearing barite vein from
location CC, cross-polarized light with gypsum 
plate. Barite is blue and purple and malachite 
is green.
Figure 34. Same as Fig. 33, but in reflected light. Born­
ite is the pink mineral. The gray mineral rim­
ming bornite is supergene chalcocite. The 
bornite which occurs at Copper Camp does not 
contain chalcopyrite exsolution lamellae, but 
the bornite at Cotter Basin does.
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CHAPTER 4 
GEOCHEMISTRY
Introduction
Trace element and isotope geochemistry were analyzed 
on rocks in the Cotter Basin and Copper Camp areas in order 
to characterize the mineralized systems. Trace element 
geochemistry reveals lateral and vertical trace element 
patterns relative to structural and stratigraphie position. 
Also, statistical treatment of the trace element data shows 
patterns of covariance. For example, cross-plotted strata- 
bound zinc and cadmium data yielded a highly significant 
positive linear trend. Isotope geochemistry of sulfide, 
sulfate, and carbonate minerals provides data useful in the 
genetic interpretations of both vein and stratabound 
mineralization.
Trace Element Geochemistry - Procedures
1 analyzed the sample populations listed in Table 3 
for their trace element content at the University of 
Montana analytical lab using a Varian AA6 atomic absorbtion 
spectrophotometer. The elements sought included Ag, Cd,
Co, Cu, Fe, Mo, Ni, Pb, and Zn; the results are tabulated 
in Appendix D.
Sample preparation included crushing, sizing, and dis-
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solution. Samples were pulverized with ceramic plates to 
-200 mesh. The dissolution technique which I devised 
selectively dissolved sulfides, oxides, sulfates, and 
carbonates, but not silicate minerals because of matrix 
problems associated with silicates in solution (Appendix 
E) .
The atomic absorbtion operating parameters are tabu­
lated in Appendix F. All values were read in absorbance 
units and were then bracketed between four to five stan­
dards using the method of least squares fit. All standards 
were matrix-matched with the unknowns. Quality control 
procedures included the method of standard addition, a 
second dissolution technique, repeated samples, and the 
analyses of two NBS rock samples. The quality control data 
were then used to statistically derive the elemental preci­
sion listed below each value in Appendix D.
Trace Element Geochemistry - Discussion
The trace element data are presented in three forms. 
First, in Table 6 the average and range are presented for 
each of the sample type categories (i.e. , SU, SOH, SF, V,
IDP, and IMA). I used Boyle's (1971) definition of 
anomaly; that is, samples which contain trace element 
amounts greater than twice background. Further, I define 
background as the average value for a given population
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(Table 6). Second, Figs. 35, 36, 39, and 40 plot a series 
of samples taken parallel and perpendicular to bedding; 
they show trace element distribution relative to structural 
or stratigraphie position, and how trace element distri­
bution is influenced by lithology during epigenesis and 
diagenesis. Third, cross-plotted data (Fig. 43) show how 
two or more elements behaved chemically relative to one 
another during one or more mineralization events.
TABLE 6. TRACE ELEMENT AVERAGE VALUES 84
Empire
Formation
(SU)
Helena
Formation
(SU)
Copper Camp 
Stratabound 
(SOH)
Wall-rock 
Cotter Basin 
(SF)
1) Ak (ppm) n.d. 6.2 10.4 12.0• n=l n=14 n=10
Range - - --- 3.1-30.2 3.4-34.1
2) Cd (ppm) 1.5 2.5 3.7 2.8
n=20 n=49 n=17 n=33
Range 0.7-2.4 0.8-6.9 1.0-8.9 0.8-6.6
3) Co (ppm) 12.1 11.7 14.9 11.3
n=20 n=49 n=16 n=33
Range 5.5-30.8 4.5-37.7 3.1-22.6 7.4-18.1
4) Cu (%) 13.4 ppm 13.4 ppm 0.33% 0.44%
n=20 n=20 n=17 n=33
Range 3.9-18.1 ppm 2.8-118.7 pcm 25.4 pcm-1.2% 22.4 pcm-3.4%
5) Fe (%) 1.3% 1.2% 1.0% 1.0%
n=20 n=49 n=17 n=33
Range 1.0-2.6% 0.7-3.4% 0.4-2.0% 0.4-2.4%
6) Mo (ppm) n.d 15.9 33.5 16.4
— ̂ ̂ n=49 n*4 n=17
Range — — — 11.7-21.2 12.3-73.3 12.1-33.0
7) Ni (ppm) 7.3 9.6 8.4 8.3
n=20 n=46 n=17 n*28
Range 3.2-10.0 3.6-33.1 3.1-23.5 3.5-16.8
8) Pb (ppm) 16.2 74.8 206.1 86.5
n=13 n=34 n=17 n=33
Range 10.0-22.9 17.7-406.3 17.6-644.4 12.2-398.2
9) Zn (ppm) n.d. 208.6 180.8 121.5
 ̂ * n=8 n-10 n=25
Range — — — 29.8-425.4 86.8-374.4 36.8-572.8
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TABLE 6. TRACE ELEMENT AVERAGE VALUES Cont'd
Veins
Cotter Basin 
(V)
Proterozoic
Meta-andesite
(IMA)
Tertiary
Dacite
(IDP)
1) Ag (ppm) 39.8 n.d. n.d.
n=ll — — — — — —
Range 5.6-155.6 * — — * * —
2) Cd (ppm) 10.8 1.1 1.0
n=14 n=6 n=l
Range 3.5-31.2 0.8-1.5 — • •
3) Co (ppm) 18.2 21.6 9.2
n=13 n=6 n=l
Range 5.9-24.4 16.1-30.6 — — ̂
4) Cu (ppm) 2.68% 58.3 ppm 525.1 ppm
n=14 n=6 n=l
Range 35.7 ppm-13% 21.5-121.7 ppm — — —
5) Fe (%) 0.52% 3.0% 1.7%
n=14 n=6 n=l
Range 0.18-2% 2.3-3.5% — — —
6) Mo (ppm) 90.5 15.2 n.d.
n=12 n=2 --
Range 16.8-206.2 14.7-15.6 --
7) Ni (ppm) n.d. 15.1 10.3— — — n=l n=l
Range — • — 5.1-57.2 — — —
8) Pb (ppm) 382.1 15.1 n.d.
n=14 n*l — • •
Range 63.2-1210. -- --
9) Zn (ppm) 253.4 n.d. n.d.
n=10 — — — • • •
Range 85.8-620 - - - --
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Figure 35 illustrates the trace element trends in the 
transition from the siliciclastic Empire Formation to the 
carbonate-rich Helena Formation (locations S, T , U, V; 
sample type SU). Relative stratigraphie position is shown 
in Fig, 14. Although only pyrite was observed in thin 
section, Ag, Cd, Cu, and Pb anomalies (designated B-I in 
Fig. 35) occur in the Helena Formation. The distri­
bution of trace elements, however, is not simple and re­
flects a complex geochemical history. The carbonate-rich 
Helena is enriched in Ag, Cd, Cu, Pb, and Zn (not plotted) 
relative to the siliciclastic Empire Formation. The 
zonation of copper and lead is consistent with upward 
and/or laterally migrating diagenetic water (Brown, 1978).
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Figure 35
Trace element geochemistry of locations S , T , U, & V 
(Figs. 11 and 14). Shown in this figure are; 1) measured 
section from upper Empire Formation to 55 m. into the lower 
Helena Formation? 2) major mineral percentages determined 
using a semi-quantitative x-ray diffraction technique 
designed specifically for Belt rocks by Harrison and Grimes 
(1970) (Appendix G ) ? and 3) Pb, Cd, Cu, Fe, Ni, & Co
values. Each data point corresponds to a one meter sample 
interval and is plotted at the base of the interval. For 
the trace element data, the diameter of the data point
corresponds to the precision. H is a 6 ppm Ag anomaly. A
along the stratigraphie column denotes pyrite mineral­
ization. The key to rock type symbols used follows:
green to black 
siltite or 
argillite
-silty dolomite
* # » « -
-quartzite
-fine to medium 
grain sandstone
y  A
-massive gray
dolomite
-molar-tooth 
carbonates
•Proterozoic Meta* 
Andésite
■stromatolite- 
bearing bed
-gray dolomitic 
siltite
-calcite nodule- 
bearing bed
-pebble conglomerate
meters
%  Calcite Lead,ppm Cadmium,ppm Copper,ppm %  Iron%  Dolomite%  Q uartz Nickel,ppm Cobalt,ppm
^covered 
20 meters
--F
Xuj /I/}
— B-
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Results for section P (sample type SF) are plotted in 
Fig. 36. As in Fig. 35 the values change vertically 
through the section. Section P lies stratigraphically and 
structurally above locations S, T, U, and V (Fig. 14). The 
range of elemental variation in Fig. 36 is similar to that 
in the Helena Formation seen in Fig. 35 with the notable 
exception that copper ranges from 170 to 6600 ppm in 
section P compared with 10 to 120 ppm at locations Sr T, U, 
and V. This due in part to the hydrothermal overprint 
observed petrographically at section P where copper 
sulfides are occur in veinlets. The upper portion of Fig.
36 which is the east end of location P (Fig. 37) is within 
1.5 meters of the fault A and the section is cut by veins 
and veinlets filled with copper sulfides. The lower 
portion of Fig. 36 or the west end of location P (see Fig. 
38), however, is more than six meters from fault A, and 
contained a few veinlets.
There are three stratabound horizons at the west end 
of location P shown as zones "C”, "D", and "E" in Fig. 36. 
Zone "C", which is a molar-tooth horizon, is anomalous in 
Pb, Cu, and Zn. Zone "D", a green argillite horizon, is 
anomalous in Cu and Ni. The Ni anomaly in zone "D" is 
associated with stratabound pyrite, and the Cu anomaly is a 
reflection of Cu-rich veinlets. Zone ”E" is dolomitic 
siltite anomalous in Cu. In addition to the type of
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complex stratigraphie elemental distribution illustrated by 
Fig. 35y the data in Fig. 36 are further complicated by 
hydrothermal overprinting.
There are two stratabound horizons at the east end of 
location P shown as zones "A" and "B" in Fig. 36. Zone 
"A” is a nodular limestone anomalous in Cu, and zone "B" is 
a molar-tooth horizon anomalous in Pb.
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Figure 36. Trace element geochemistry of location P (Figs.
11 and 14). Pb, Cd, Cu, Fe, Ni, Co, Zn, and Mo 
data are plotted against the stratigraphy of 
location P. The portion of the section above 
the covered interval is shown in Fig. 37 and 
the portion below is shown in Fig. 38. Channel 
sampling intervals ranged between 2 and 5 
meters. A channel sample is one taken in a 
continous manner forming a channel-like cut in
outcrop. The values shown by ” x" indicate
grab samples from that specific location. The 
data in Fig. 35 reflected stratabound metal 
concentrations whereas these data reflect a 
mixture of stratabound and veinlet mineral­
ization. The type of mineralization observed 
is denoted along side the stratigraphie column; 
V = Cu-rich veinlets, SC = stratabound Cu- 
sulfides, and SP = stratabound pyrite mineral­
ization. The data in the upper portion of this 
figure are mostly a reflection of the presence 
of veinlet mineralization; however, the lower 
portion is greater than 2 meters from fault A 
and the trace element data are mostly a 
reflection of stratabound mineralization. See 
Fig. 35 for key to rock type symbols used.
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i
Pb«ppm Cd,ppm Cu,ppm Fe,ppm Ni,ppm Co,ppro Zn,ppm Mo,ppm
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Figure 37. View of the eastern portion of location P, 
facing south (upper portion of Fig. 36). The 
highly fractured carbonate-rich beds of the 
Helena Formation dip steeply to the northeast 
into fault A; the vein dips to the the right 
(southwest) below the Helena Formation. The 
staff in the lower right hand corner is 1.5 
meters in length.
Figure 38. View of the western portion of location P 
(lower portion of Fig. 36). This section is 
slightly less fractured than the eastern 
portion in Fig. 37. This section is further 
from fault A and has fewer mineralized veinlets 
cutting it. There is a small down-to-the-south 
fault dipping at a low angle to the right 
(west). The staff is 1.5 meters long.
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Figures 39 and 40 are plots from locations 2 and 7 
(type SF), respectively; Figs. 41 and 42 are photographs of 
these locations (see Fig. 14 for relative stratigraphie 
positions). Figures 39 and 40 are different than Figs. 35 
and 36 in that they are plots of trace elements in samples 
gathered laterally along two molar-tooth-bearing dolomite 
beds. Values are plotted against lateral distance from 
fault A in both cases. Apparent trace element trends 
relative to distance from fault A are summarized in Table 
7.
Table 7. Trace Elemental Trends Relative to fault A
______________Trend________________Location 2 Location 7
Abundance increases towards Mo Pb and Zn
fault
Minor lateral variation Co and Pb Cd
Abundance decreases towards Fe and Ni Co, Fe,
fault and Ni
Stratabound mineralization Cu, Ag, Zn, Cu and Ag
correlates well and Cd
Stratabound disseminated copper mineralization at 
locations 2 and 7 (indicated by stars in Figs. 39 and 40) 
occurs in two places per location. As shown in Fig. 36, 
the overlap of vein activity with stratabound mineral­
ization has complicated the trace element distribution.
At location 2, the wall-rock is enriched in Mo (in the
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form of veinlet mineralization) and is depleted in Fe and 
Ni. Co and Pb vary little along strike. Stratabound Cu, 
Ag, Zn, and Cd correlate well.
At location 7, wall-rock is enriched in Pb (in the 
form of epithermal veinlets?) and is depleted in Co, Fe, 
and Ni. Cd varies little along strike. Stratabound Cu and 
Ag mineralization correlate well.
At both locations 2 and 7 fracture density increases 
towards fault A. As a result, the amount of metal-bearing 
veinlets and leachable wall-rock surface area also 
increases toward fault A. Fe, Ni, and Co (in the form of 
pyrite?) are depleted by epithermal fluids, and the wall- 
rock may be locally enriched in Mo, Pb, and Zn veinlets.
In addition, Cu-Ag-bearing stratabound mineralization may 
have been leached along fracture surfaces.
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Figure 39. Trace element geochemistry of a molar-tooth
bearing dolomite bed at location 2. This is a 
lateral traverse measured from fault A which is 
on the right side of Fig. 39. Fig. 41 is a 
view of this location. Two stratabound zones 
occur and are marked with stars. Unlike 
locations P and S, T, U , & V, Ag is anomalous 
at location 2. At location 2, Pb is not 
anomalous, but Zn is. Trace element trends are 
summarized in Table 7.
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Figure 40. Trace element geochemistry of a molar-tooth
bearing dolomite bed at location 7. Fig. 42 is 
a view of location 7. This is a plot very 
similar that in Fig. 39. However, unlike 
location 2, vein material occurs at location 7. 
Stratabound mineralization is shown with stars. 
The concentrations of Co, Fe, Pb, Ni, and Zn 
appear to correlate with distance from fault A. 
Trends are listed in Table 7. The stratabound 
mineralization here at location 7 is apparently 
depleted in Pb, Zn, & Ag relative to the 
stratabound mineralization at location 2.
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Figure 41. View of location 2, facing west (see Fig. 39). 
The highly fracture buff colored carbonate 
rocks of the Helena Formation are dipping into 
fault A to the right of this photo. A lateral 
sample traverse was taken along a molar-tooth- 
bearing horizon just above the blue-gray 
horizon.
Figure 42. View of location 7, facing west (see Fig. 40). 
This is a cross-sectional view of the hanging 
wall of fault A which contains vein material 
here. The carbonate rocks dip to the right 
into fault A. This also is a good view of a 
reverse drag fold along a Tertiary normal 
fault. Note how the fracture density increases 
into the fault. The correlation between Fe,
Co, & Pb concentration and distance from fault 
A may be a reflection of epithermal 
depletion/enrichment.
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Another method of interpreting the trace element data 
is in the use of cross-plots of element pairs. Cross-plots 
with accompanying statistical computations of significance 
and correlation coefficient were generated using the SCSS 
interactive computer statistical package on the University 
of Montana computer. A large number of sample populations 
and element pairs were tested to find significant trends. 
Listed in Table 8 are the results. The cut-off criteria 
used to screen trends were : 1) significance less than 
0.010; 2) correlation coefficient greater than 0.599; and 
3) trend credibility upon inspection of cross-plot 
(generated for all pairs). An example of a cross-plot with 
poor trend credibility but acceptable significance and 
correlation coefficient would be one with a dense cluster 
of points greatly separated from a singular anomalous 
value.
In order to visually examine these correlated element 
pairs I have devised correlation diagrams (Fig. 43) which 
are a form of multidimensional analysis. Distinct patterns 
for each sample population are apparent. For example, 
trends for the stratabound oolite bed at Copper Camp (CC) 
are clear. Zn, Cu, Cd, Pb, & Co form a pattern of positive 
correlation. From this it can be implied that these 
elements are all dependent on one or more controlling 
variables. These elements may exist in one or more mineral
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phases. Another pattern of positive correlation is between 
Ni, Fe, and Ag. Moreover, there are negative correlations 
between Co and Ag and between Ni and Cd. From this it 
appears that Zn, Cu, Cd, Pb, & Co may have been co­
precipitated at the expense of Ni, Fe, & Ag. Again, it is 
unclear whether these element groups exist in one or more 
phases. For each of the other stratabound populations 
totally unique patterns exist.
As for the vein populations, the correlations for 
location P are clear. Ag, Zn, Cd, Cu, Pb, and Mo form a 
positive correlation pattern. The vein sulfide mineralogy 
at location P is primarily tetrahedrite with subordinate 
quantities of chalcopyrite, bornite, and galena and the 
pattern is a reflection of these mineral phases. The five 
negative correlations between Co and Zn, Cu, Cd, Ag, and 
Pb, however, are less revealing except that those samples 
which yielded large Co values also were depleted in Zn, Cu, 
Cd, Ag, and Pb, and therefore primarily tetrahedrite. I do 
not know which phase (s) are Co-bearing.
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TABLE 8 . IMPORTANT CORRELATIONS (Sig. 1.010)
Element STRATABOUND VEINS
Zn-Cd .922 .932 'I .807 .894
Zn-Cu .765 .976 .918
Cu - A r .884
Cu-Cd .736 .901 .939
Cd-AR .941
C o - A r (.642) (.919)
Zn-AR .894
Pb-Cd .599 .893
Pb-Cu .679 .890
Co-Cd .637 (.914)
Cu-Co (.948)
Pb-Mo .941
Zn-Ni .942
Pb-Co .699 (.858)
Zn-Co (.855)
Ni-Cd (.681) (.822)
Ni-Fe .813 .631
Fe-AR .729
Mo-Cd .836
Ni-Co (.780)
Fe-Cu. .819
Zn-Pb .932
Fe-Co (.676]
Ni-Cu .830
Pb-Fe .676
note - values in parentheses are negative
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Figure 43. Correlation diagrams. The following diagrams
are constructed based upon the correlation data 
in Table 8. A solid line drawn between two 
elements indicates that they meet the correla­
tion screening criteria explained in the text.
A positive correlation indicates that two ele­
ments display a direct proportionality. A neg­
ative correlation indicates that two elements 
are inversely proportional. The strength of 
this proportionality is measured by the correl­
ation coefficient. There is no effort to imply 
dependency because elemental concentrations are 
dependent on fundamental controlling chemical 
and geological variables.
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Population #1: mineralized oolite horizon (SOH) at CC
1)
-Positive Correlations 
Zn--------Cd
Cu Pb Co
2) N i - Fe
1) Co-
-Negative Correlations 
 Ag
2) Ni- •Cd
Population #2; sediments in fault zone (SF) 0 location 2
1) Zn------- Cd
-Positive Correlations 
----- Ag
Ni Cu
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Population #3; sediments in fault zone (SF) @ location 7
-Positive Correlations-
1) Zn--------Pb
Population #4: sediments in fault zone (SF) at location P
-Positive Correlations-
1) Co------- Cd
2) Ni------- Fe
-Negative Correlations-
1) Fe------- C o ------- Ni--------Cd
Population #5 : vein samples from locations P + D + 7 + CC
-Positive Correlations-
1) Zn------- Cd
2) Pb--------Fe------- Cu------- Ag
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Population #6; vein samples from location P
-Positive Correlations-
1) Ag- PbZn C
Cu
1 )
-Negative Correlations 
Zn Pb
AgCoCu
Cd
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Isotope Geochemistry - Procedures
Sulfur (S^^S) and carbon (S^^C) + oxygen (S^^O) 
analyses were conducted on sulfide, sulfate, and carbonate 
minerals. The analyses were performed at the University of 
Calgary stable isotope laboratory where 1 assisted Dr. H. 
Roy Krouse and his lab staff. Asif Shakir, an associate at 
the lab, has fully documented sample preparation and 
analytical operating procedures (Shakir, 1982).
Sulfides were extracted from their host rock by either 
hand-picking or the use of heavy liquids such as bromoform. 
In the case of carbonates, the entire rock sample was 
pulverized; whole rock rather than single mineral values 
were obtained.
Isotope Geochemistry - Discussion
Sulfur isotope data were taken from 18 samples 
including one bornite/barite pair. These data are listed 
in Table 9 and are plotted on Fig. 44. The data obtained 
from the stratabound pyrite, marcasite, and chalcopyrite 
range narrowly from 1.9 to 5.8 permil. The average 
chalcopyrite value is 4.2 permil and the pyrite/marcasite 
average value is 4.0 permil. It does not appear that the 
chalcopyrite differs significantly from pyrite. If the 
chalcopyrite replaced the pyrite in equilibrium at a low
Ill
temperature in a diagenetic environment as the pétrographie
data suggest, ^^^^^py-cp excess of 3 permil would be
expected (Kajiwara and Krouse, 1971). Because the data do
not reflect a >3 permil fractionation, it is interpreted
that chalcopyrite and pyrite were not deposited under
equilibrium conditions.
Isotopic fractionation would occur diagenetically
during sulfate reduction to hydrogen sulfide by bacteria
3 2which preferentially utilize S due to favorable kinetics. 
Assuming that at the time of pyrite formation middle 
Proterozoic seawater sulfate had a value of approximately 
+19.5 +/-1.5 permil (Connor and others, 1983), the range of 
1.9 to 5.8 with an average of 4.1 permil for stratabound 
sulfides is indicative of an open system because of the low 
average and narrow range of isotopic values. As a point of 
comparison, a closed system would contain a wide range of
values from the lightest ones generated early to the
3 2heaviest generated late from a S lean "pot** (Trudinger, 
1976) .
The singular sulfur isotope value of 3.4 permil for 
pyrite disseminated in Proterozoic meta-andesite may 
reflect the isotopic composition of the pyrite in the 
sediments it has intruded and possibly assimilated. 
Xenoliths of pyrite-bearing lithologies were observed in 
the field. Although it is likely the meta-andesite derived
112
its sulfur by assimilating diagenetic pyrite, a magmatic 
source cannot be completely ruled out for part of the 
sulfur•
The vein sulfide sulfur isotope data plot in two 
populations (Fig. 44). Tetrahedrite ranged from 5.4 to 7.3 
permil and bornite ranged from 13.8 to 19.6 permil. Because 
coexisting bornite and tetrahedrite were not analyzed, it 
is uncertain why the tetrahedrite differs so much from 
bornite; however, they probably were not deposited under 
equilibrium conditions and were different generations of 
mineralization. Equally perplexing is why tetrahedrite 
values are close to the high end of the stratabound values. 
Does this indicate that the source of the tetrahedrite 
sulfur is the sediments? Also, the bornite/barite mineral 
pair had values of 16.8 and 23.1 permil. The minerals are 
in contact, but the barite is corroded and therefore 
bornite and barite were probably not deposited together 
under equilibrium conditions (Figs. 33 and 34).
TABLE 9 . SULFUR ISOTOPE DATA
III
C/DZHM
I
I
Iien
QPO
gM
8I
SAMPLE i.P ^ S  %(CDT) Mineralogy/Host Rock
r r V  T /, +16.8 pink bornite in qtz veinV V # V # 4 +23.1 barite in vein
D.V:A +19.6 bornite+brochantite in calcite vein
D.V:1 +13.8 bornite, w/coherent cpy exsolution in calcite vein
P.V:3 + 5.4 tetrahedrite+minor cpy in calcite vein
P.V:7 + 7.3 tetrahedrite+minor cpy in calcite vein
CC.SOH:5-3 + 4.3 pyrite+chalcopyrite
CC.S0H:A-3 + 5.1 chalcopyrite+bornite
CC.S0H:A-5 + 2.1 chalcopyrite+bornite+salena
CC.SOH:82-3B + 2.6 chalcopyrite+bornite
CC.S0H:82-3T1 + 3.2 chalcopyrite+bornite
CC.S0H:82-3T2 + 5.7 chalcopyrite+bornite
7.SF:2-3h + 5.8 cpy in molar-tooth bearing micrite
2.SF:ll-12d + 3.9 cpy+pyr in molar-tooth bearing micrite
P.SF:61-66d + 5.3 cpy+pyr in stromatolite bed
T.SU:29-30v + 5.2 mar+pyr in pebble conglomerate
T.SU:20-21v + 1.9 large pyritohedron in green siltite
T.SU:20.5v + 4.5 large pyr cube in fine sandstone
T.IMA:36-37v + 3.4 pyrite disseminated in meta-andesite sill (Proterozoic)
Note: Sample type and location are encoded in the sample numbers. See 
Chapter 2 under the heading "Sampling" for details.
w
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Figure 44. & S isotope geochemistry. This plot shows the
distribution of the sulfur isotope data listed 
in Table 9. Note that both the stratabound 
sulfides and the Proterozoic meta-andesite 
pyrite values cluster tightly from 1.9 to 5.8 
permil. Conversely, the vein sulfide/sulfate 
values range from 5.4 to 23.1 permil.
O chalcopyrite O  pyrite
Sample Q bornite O marcaaite
Location A tetrahedrite V  barite
Proterozoic Meta-Andesite
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Carbon and oxygen isotope data from
carbonate rocks are summarized in Table 10. These data are 
cross-plotted on Fig. 45. Two points can be extracted from 
the data. First, vein calcite is isotopically lighter in 
carbon and oxygen than sedimentary carbonate rocks. This 
may indicate that the carbon and oxygen in the vein calcite 
was derived from the mixing of wall-rock carbonate with a 
lighter meteoric source of aqueous carbon and oxygen. 
Second, the values from the Copper Camp mineralized oolite 
bed are isotopically lighter than the barren oolite bed at 
location 3 (facies equivalent of the former).
Although the formation of vein and stratabound oolite 
mineralization are probably spatially and temporally 
unrelated, the mixing of isotopically light meteoric (?) 
water with host-rock appears to have occurred in both 
cases.
TABLE 10. CARBON AND OXYGEN ISOTOPE DATA
Sample^ (PDB) S  %o (SMOW) % Calcite* % Dolomite*
D.Vil -3.0 +16.6 100 0
P.V:3 -3.4 +17.5 100 0
P.V:7 -2.2 +18.2 100 0
T.V:25v‘̂ -2.3 +19.6 100 0
CC.S0H:A-3 -3.1 +18,0 100 0
CC.SOH:82-3B -2.6 +17.6 90 10
CC.S0H:82-3T1 -3.0 +17.9 100 0
7.SF:2-3h -1.6 +19.5 60 40
2.SF:ll-12d -1.7 +19.0 80 20
P.SF:61-66d -1.9 +18.6 100 0
3.S0H:1^ -1.6 +21.0 90 10
* determined using semi-quantative x-ray diffraction and 
microscopy.
a-I host rock listed in Sulfur Isotope Data except T,V:25v 
and 3.S0H:1.
b- barren (metamorphic) calcite vein.
c- barren occurrence of the stratigraphie equivalent to the 
Copper Camp oolite horizon.
Note: Sample type and location are encoded in the sample numbers.
Chapter 2 under the heading "Sampling" for details.
See
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Figure 45. S C versus & O cross-plot of data in Table
10. Two relationships can be gleaned from this 
plot: 1) vein calcite (P and D) plots lighter 
than wall rock values (P, 2, and 7) and 2) the 
mineralized oolite bed (location CC) plots 
lighter than its unmineralized facies equiva­
lent at location 3.
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CHAPTER 5 
DISCUSSION
This study has shown that small stratabound copper- 
silver +/- lead-zinc occurrences are widespread in the 
Cotter Basin area; however, most of these occurrences are 
within six meters of faults A and E. They are generally 
less than a third of a meter thick and a meter or less 
along strike. All occurrences are hosted by a variety of 
carbonate lithologies of the lower Helena Formation. Ore 
textures include disseminated replacement of carbonate 
minerals, quartz, and pre-ore pyrite by copper sulfide 
minerals (Figs. 16 and 17) and void fillings composed of 
blocky calcite, quartz, and copper sulfides (bird's eye 
structures) which may have replaced earlier void filling 
minerals (Figs. 18-21). Copper sulfide mineralogy includes 
chalcopyrite and minor bornite and chalcocite. Because 
lead and zinc trace element anomalies were detected (Figs. 
35-40) , 1 infer that trace quantities of galena and 
sphalerite may also be present (1 did not observe these 
minerals in thin section)• Earhart and others (1981) 
observed galena and sphalerite in similar stratabound 
occurrences in the Helena Formation.
This study has also shown that epithermal copper- 
silver-bearing calcite-quartz veins were deposited in 
Cenozoic low angle normal fault zones. Sulfide mineralogy
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is vertically zoned from bornite-rich, trace element-poor 
veins at the deepest exposed structural level (Figs. 32-34) 
to tetrahedrite (Ag-rich) + chalcopyrite +/- galena veins 
at the highest exposed structural level (Figs. 24-31). 
However, problems remain concerning the genesis of both the 
stratabound and vein deposits and whether they are related.
Stratabound Mineralization
At least three models can explain the stratabound 
occurrences. They include syngenetic, syn-diagenetic, and 
diagenetic models.
In the syngenetic model, mineralization occurs during 
sedimentation (Fleisher and others, 1976). Metals are 
derived either from terrestrial sources such as river water 
and groundwater or upwelling marine currents. In this 
model, prominent metal-mineral zonation is apparent as 
illustrated in Fig. 46. This zonation results because 
copper sulfides form under more oxidizing conditions than 
do iron sulfides as the metal-bearing waters react with a 
stagnant anoxic water layer. One would expect to see 
copper and iron sulfides bedded as heavy minerals along 
cross-bed foresets and in ripple mark hollows. Further, 
one would not expect to see copper and iron sulfides cross­
cutting bedding or replacing authigenic or secondary 
minerals.
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Therefore/ the data do not support a syngenetic model. 
I did not observe either any syngenetic copper or iron 
sulfide textures or those that indicate sedimentary 
transport such as accumulation of sulfides along cross-bed 
foresets or in ripple mark hollows. I observed only 
disseminated replacement and fenestral void filling 
textures.
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Figure 46. Syngenetic model of copper deposition proposed 
by Fleischer and others (1976). The source of 
metals is from the fresh water and the source 
of sulfur is hydrogen sulfide produced in the 
anoxic water layer. As the fresh water flows 
into the sea, chalcocite is first precipitated 
out of seawater at the oxic/anoxic boundary. 
Above this boundary only Fe-oxides are pro­
duced. As the metal-bearing water flows sea­
ward, progressively more iron-rich sulfides are 
precipitated outboard of the chalcocite, 
reflecting the lesser mobility of copper rela­
tive to iron.
Seaward
Syngenetic Model Shoreward
metal-bearing fresh water
sea level
oxidized Fe-oxides
te
Bornite ' '
Chalcopyrite*^
Pyrite
to
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125
A syn-diagenetic (sabkha) model, also proposed for 
the origin of stratabound copper-silver deposits, was 
formulated by Renfro (1974). In this model, the deposit 
forms after sedimentation while the sediment is still open 
to interaction with seawater (or lake-water), surface 
water, groundwater, and the atmosphere; the environment is 
either a marine or continental sabkha. The rate of 
evaporative water loss through the strata overlying the 
host stratum (drawn upward by capillary action) is 
volumetrically balanced by the influx of ascending, metal- 
bearing, oxidized groundwater; this is the fluid driving 
mechanism critical to the formation of a syn-diagenetic 
(sabkha) deposit. In the sabkha process, evaporite 
minerals accumulate in the strata overlying the host 
bed(s). The stratum(a) hosting copper sulfide mineral­
ization is characterized by a reduced, gray to black, 
organic-rich (algal), clastic or carbonate sediment.
Copper sulfides are precipitated when the ascending, 
oxidized copper—bearing groundwater encounters reduced, 
hydrogen sulfide and/or pyrite-bearing host b ed(s) (Fig. 
47). The source of copper-bearing groundwater is from 
underlying and landward continental red-beds or volcano- 
clastics, rich in trace elements.
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Figure 47. Syn-diagenetic (sabkha) model of stratabound 
copper deposition proposed by Renfro (1974) .
The organic-rich layer below the subaerial 
evaporites is the site of syn-diagenetic copper 
mineralization as Cu replaces pyrite which was 
formed in situ. The source of copper is 
assumed to be oxidized continental red-beds or 
volcanoclastics. The copper is carried in 
solution by ground-water. The balance between 
evaporative water loss and groundwater flushing 
is critical to the process.
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Support for the syn-diagenetic sabkha model in the 
Cotter Basin area includes the occurrence of widespread 
halite casts and radial-fibrous ooids (Eby, 1977), evidence 
of former hypersalinity. Also, copper sulfides are often 
hosted by organic-rich pyrite-bearing carbonate beds; I 
observed chalcopyrite pseudomorphs after pyrite. Moreover, 
the Helena Formation is underlain by the red-bed conti­
nental elastics of the Spokane Formation; thus, the Spokane 
Formation is a potential source of oxidized, metal-bearing 
groundwater.
However, beds of evaporite minerals characteristic of 
both marine and continental sabkhas do not occur in the 
Helena Formation. Widespread halite casts and radial- 
fibrous ooids are volumetrically insufficient to indicate a 
sabkha-type process. Also, gypsum and anhydrite have not 
been observed in the Helena Formation ; this is important 
because gypsum and anhydrite are common to most sabkhas, 
and their preservation would be expected (at least in 
pseudomorphic forms). In addition, haloturbation and other 
evaporite features common to sabkhas (Kendall, 1980) have 
not been observed in the Helena Formation. The lack of 
volumetrically significant bedded evaporite formation in 
the Helena Formation is important because bedded evaporites 
are a critical component of the hydrodynamic process which 
draws copper—bearing groundwater up through the organic—
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rich host strata. Without such evidence, the passage of 
metal-bearing groundwater through host strata in the syn- 
diagenetic environment in sufficient volumes to form a 
copper deposit is unlikely (although adequate reduced 
sulfur formed in situ might still be present).
A diagenetic model for copper-silver deposits is 
proposed by Chartrand and Brown (1985) for the stratabound 
copper deposit at Coates Lake, Canada. This model is 
subdivided by the authors into four stages. They are: 1)
syn-diagenesis— the precipitation of evaporites and 
dolomitization; 2) diagenesis-1— formation of calcite 
partially replacing gypsum and anhydrite and formation of 
pre-ore pyrite, quartz, and feldspars; 3) diagenesis-2—  
precipitation of copper sulfides by reaction with bacterio- 
genic sulfur and/or replacement of pre-ore pyrite and 
replacement of anhydrite, calcite and quartz by copper 
sulfides; and 4) diagenesis-3— neomorphism of calcite, 
which marks an upper limit to diagenesis-2 with a pro­
nounced decrease in porosity and permeability. Unlike the 
syn-diagenetic (sabkha) model, the formation of evaporite 
minerals in the syn-diagenetic stage of this model is not 
critical to the later formation of copper sulfide minerals; 
rather, the authors included evaporite formation because 
evaporites occur in the stratabound copper deposits at 
Coates Lake, Canada.
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In the diagenetic model^ the source of copper—bearing 
brines is assumed to have been underlying and landward 
volcanoclastic sediments. The brines derived from the 
volcanoclastics during compaction were mobilized upward and 
basinward where they eventually reached reduced, organic- 
rich, sulfur-bearing strata. Copper sulfides formed in 
these reduced, sulfur-bearing beds by replacement of pre- 
ore pyrite and/or reaction with reduced sulfur. Intially, 
chalcocite and bornite formed. As the fluid continued 
upward, it was progressively depleted in copper, rendering 
a more iron-rich brine. Thus, chalcopyrite and pyrite and 
then finally only pyrite were deposited as the fluids 
continued to ascend.
Evidence that support a diagenetic model for the 
Cotter Basin stratabound deposit includes textural, 
geochemical, and isotopic data. Copper sulfides replaced 
pre-ore pyrite (which is associated with organic matter, 
diagenesis-1 (Figs. 22 and 23)), quartz, and calcite (Figs. 
16 and 17). Copper sulfides also core bird's eye struc­
tures along with blocky (neomorphic) calcite, quartz, and 
feldspars (Figs. 18-21). The formation of copper sulfides 
corresponds to the diagenesis-2 stage. The pétrographie 
observations of Lange and Eby (1981) yield paragenetic 
relationships in the Copper Camp oolite bed which are also 
consistent with the diagenetic model (Chapter 3) • Most
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importantly, they observed that quartz rimmed and replaced 
ooids and pelloids (diagenesis—1) and quartz was in turn 
replaced by copper sulfides (diagenesis-2). They also 
observed ooids rimmed and replaced by copper sulfides and 
copper sulfide pseudomorphically after pyrite, both 
occurred during diagenesis-2.
Neomorphism of calcite (diagenesis-3) also occurred 
because blocky, recrystallized calcite is common to all 
stratabound occurrences (as well as non-mineralized strata) 
and probably marked the end of significant permeability and 
porosity in the sediments.
Geochemical data also support the diagenetic model. 
First, the trace element anomalies occur in gray to black 
organic-rich carbonate strata (e.g.. Fig. 35). Second, 
trace element anomalies are vertically zoned in a succes­
sion from copper to lead that is suggestive of upward fluid 
movement (Fig. 35). The zonation is due to the lesser 
mobility of copper relative to cadmium, zinc, and lead.
Sulfur isotopic data support the diagenetic model 
because pre-ore pyrite values are distributed similarly to 
copper sulfides (both ranging from 2 to 6 permil. Fig. 44). 
This permissive evidence indicates that copper sulfides 
probably received their sulfur in situ.
Other permissive evidence which support the diagenetic 
model are the correlation diagrams for population #1
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(Copper Camp mineralized oolite horizon. Fig. 45) . These 
diagrams indicate that Cu, Pb, Zn, Cd, and Co may have 
migrated together in solution through the host bed. 
Furthermore, Ni and Cd correlate negatively-indicative of 
pyrite replacement (because Ni resides in pyrite) as the 
fluid front migrated through the bed. This is consistent, 
on a smaller scale, with the zonation observed by Brown 
(1978) at White Pine, Michigan, for example.
Two lines of evidence, however, do not support the 
diagenetic model at described by Chartrand and Brown 
(1985) . First, the carbon and oxygen isotope data for 
carbonates (Fig. 45) indicate that, at least in the case of 
the Copper Camp oolite bed, meteoric water (isotopically 
light) as well as pore water flushed through the host 
bed(s). In the diagenetic model only pore water flushes 
through the host strata. Also, the porewater and the 
carbonate-forming water are probably different ages.
Second, upward migrating pore water (derived from the 
red-beds in the Spokane Formation) would have difficulty 
reaching the Helena Formation because the intervening 
Empire Formation is shale-rich. Therefore,the Empire 
Formation would have formed a semipermeable to impermeable 
barrier between the Helena and Spokane formations.
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Vein Origin
Although it is known veins formed in the Cenozoic as 
described in Chapter 2, problems remain in terms of the 
metal source(s) of the vein, relationship to stratabound 
mineralization, and timing relative to faulting. The metal 
source (s) for the veins is either outside the Cotter Basin 
area, stratabound mineralization in the Cotter Basin area, 
or a combination of both. Some possible sources outside 
the Cotter Basin area include stratabound deposits deeper 
in the section {Spokane Formation), stratabound mineral­
ization higher in the Belt section (e.g., the Missoula 
Group), intrusive igneous rocks, and overthrusted Phaner- 
ozoic rocks all of which may be cut by faults A and E.
Isotopic, geochemical, and geophysical data support an 
outside metal source. Isotopically, the veins differ from 
the wall-rock. First, vein sulfur isotopes range widely 
from 5 to 20+ permil, yet the stratabound sulfides range 
narrowly from 2 to 6 permil (Fig. 44). It is unclear what 
relative contribution fractionation and a differing sulfur 
"pot" value may have made to the veins* isotopic signature. 
However, there was probably some contribution of sulfur 
(and metals) from an outside source. Similarly, carbon and 
oxygen isotope data may also indicate an outside source.
The carbonate minerals in the veins are isotopically 
lighter in both carbon and oxygen than wall-rock carbonate
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minerals (Fig. 45) which indicates the carbonates are of 
firent ages and that meteoric (?) water may have reacted 
with wall-roc)c carbonates. This meteoric water may have 
also been metal-bearing.
A comparison of vein sulfide mineralogy with that of 
adjacent stratabound mineralization also is compatible with 
a metal source outside the Cotter Basin area. The critical 
difference between vein and stratabound mineralogy is the 
abundance of tetrahedrite in veins and the complete absence 
of any antimony-bearing mineral phase in stratabound 
mineralization. This difference alone indicates that at 
least a portion of metals in the veins came from an outside 
source. Also, Earhart and others (1981) observed Hg anoma­
lies which may be a supra-ore halo of a hydrothermal 
system.
Gravity data (Figs. 5 and 6), float, and dike 
exposures indicate that Cotter Basin is underlain by an 
altered igneous intrusive body that may be similar to those 
at Heddleston. Therefore, igneous intrusion may have 
contributed some portion of the metals, sulfur, and gangue 
to the vein.
However, there apparently was some contribution of 
metals to the veins from the wall-rock. First, wall-rock 
enrichment and depletion was illustrated in Figs. 36-40. 
Also, numerous stratabound occurrences are within a few
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meters of the veins. Here, the wall-rock is highly 
fractured and these fractures intersected stratabound 
mineralization and remobilized it into the vein (e.g..
Figs. 27 and 28 show chalcopyrite in the wall-rock being 
mobilized into the adjacent tetrahedrite-bearing veinlet).
The timing of vein mineralization relative to faulting 
is also a problem. Regional structural data (Chapter 2) 
indicate that the host faults A and E may have originally 
been reverse faults and then later extended to their 
present configurations. The problem then is the timing of 
mineralization in the faults. The veins are brecciated in 
the foot-wall (Fig. 15) which indicates that they were 
deposited while the faults were still active. Regional 
data indicate that the upper age limit of normal faulting 
may have been in the Miocene, and the vein cuts an early 
Eocene dacite porpyry dike discussed in Chapter 2. Thus, 
the timing of vein deposition lies between early Eocene and 
Miocene while the faults were still active.
CHAPTER 6 
CONCLUSION
I conclude that the stratabound mineralization is 
diagenetic and similar to that found by Chartrand and Brown 
(1985) at Coates Lake. However, problems exist with 
respect to pore water migration during compaction. Because 
the base of the Helena Formation may have been sealed by 
the underlying Empire Formation shales, widespread and 
volumetrically significant vertical fluid migration would 
not have been possible except along faults. As a result, 
only limited amounts of metal-bearing pore fluids from the 
Spokane Formation (proposed metal source) would have 
reached the Helena Formation during diagenetic compaction. 
However, 1 propose that ascending, metal-bearing pore water 
did reach the Helena Formation via Proterozoic fault zones 
related to the formation of the Belt basin. Winston 
(1986b) has proposed that Phanerozoic (Laramide and post- 
Laramide) compressiona1 and extentional tectonics were 
strongly influenced by Proterozoic block faults. Winston 
(1986b) has theorized that two major Proterozoic block 
faults intersect near Cotter Basin. The Jocko line (which 
approximately underlies Cotter Basin) is a south-southwest 
dipping normal growth fault, and the Townsend line is a 
southwest dipping normal growth fault (Fig. 4). The 
intersection of these two block faults lies approximately
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beneath the Heddleston area.
Direct structural evidence of Proterozoic faulting in 
the Cotter Basin area is lacking, however, but some permis­
sive evidence does support structural control of ascending 
pore water. First, stratabound mineralization is strongly 
affiliated with (within 5 to 6 meters of) Cenozoic normal 
fault zones A and E (which host veins) . Second, a Protero­
zoic meta-andesite dike is exposed approximately 30 meters 
from fault A. This may indicate that there was a fault or 
zone of weakness into which the dike was intruded. Third, 
the regional fault and gravity trends parallel each other 
and the Jocko line.
I believe the Cotter Basin stratabound deposit is 
fault-controlled and diagenetic rather than epigenetic 
because the mineralization occurred within the sedimentary 
basin.
The veins were deposited between early Eocene and 
Miocene time in active fault zone(s) (either reverse or 
normal), and the fault zone(s) were localized by weaknesses 
inherited from the Proterozoic faulting as mentioned above. 
I also believe that the ore fluids ascended from depth 
where they leached stratabound deposits in the Spokane 
Formation and the wall-rock at Cotter Basin. The fluids 
were driven by an igneous-hydrothermal convection cell.
The vertical zonation of vein sulfides from bornite to
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tetrahedrite + chalcopyrite +/- galena is probably a 
reflection of the lower solubility of copper compared to 
Ag/ Pb y Zn y Fe y and Sb. Ascending ore fluids were depleted 
in copper as they rose, thus changing the composition of 
the fluid* Telescoping of vein zonation probably occurred 
due to 1) rapid pH increase when the ore fluid made contact 
with the Helena carbonates and 2) mixing of descending 
meteoric water with the ore fluid (evidenced by isotopi­
cally light vein calcite). The descending meteoric water 
may have also carried some dissolved metals from overlying 
stratabound occurrences in the Missoula Group, for example.
Therefore, the Cotter Basin stratabound + vein copper- 
silver deposit resulted from the overlap of two different 
ore forming processes which were localized together by 
inherited structural weaknesses developed in the Protero­
zoic and later reactivated in the upper Phanerozoic.
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APPENDIX A 
LOCATION OF STUDY AREA
Cotter Basin is a north facing cirque located twelve 
kilometers north of Lincoln, Lewis and Clark County, Mon­
tana (NW i Sec. 11, T.15N. , R.9W. 47®3-»57»’N. Lat., 112*»
41 * 55’*W.Long. ) . Access is good to the Cotter Basin Mine 
(elev. 2350 meters) via the Copper Creek Road (U.S.F.S.) 
off of Montana Highway 200, ten kilometers east of Lin­
coln. An unpaved road, 6.7 kilometers west of the Copper 
Creek Campground (Helena National Forest), winds 4.3 kilo­
meters up the Cotter Creek drainage to the mine. On the 
western rim of the cirque is a small open-pit centered on 
a copper-silver vein and disseminated mineralization in 
the Helena Formation (Belt Supergroup). The open-pit 
mine and environs are referred to as Cotter Basin through­
out this paper. Cotter Basin is within the Helena Nation­
al Forest and claims are held by George Kornec of Helena, 
Montana.
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APPENDIX B 
PREVIOUS WORK IN THE COTTER BASIN AREA
Mining activity at Cotter Basin was first reported 
by Heikes (1916) when ne noted that a "small test of cop­
per oxidized ore was shipped to the smelter". Seventeen 
years later Pardee and Schrader (1933) mentioned that 
"considerable development work" was again being done in 
this area. In 1973 and 1974 ore was shipped and tested 
for metallurical purposes (Earhart and others, 1977; 
McClernan, 1983).
Copper Camp, five kilometers northwest of Cotter 
Basin, is a mineralized area thought to be genetically 
related to the Cotter Basin mineralization (McClernan, 
1983; Earhart and others, 1977). Three adits and some 
drill sites were located, but no significant production 
was recorded. This area was active between 1917 and 
1920 and again during the mid-1960's when Bear Creek 
Mining Company did considerable exploration between 
Bugle Mountain and Copper Creek (Mudge and others, 1974).
Grimes and Earhart (1975) first mapped the Cotter 
Basin area in conjunction with a detailed soil geochem­
istry survey conducted over a barren zone sparsely vege­
tated with Eriogonum sp. (location G ) . The *B* soil 
horizon was shown to be anomalously high in Cu, Pb, Ag, 
2n, and Au over an inferred extension of vein minerali­
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zation. Earhart and others (1977) conducted a detailed 
economic appraisal of the Cotter Basin claim group as part 
of the mineral resources evaluations of proposed additions 
to the Scapegoat Wilderness Area. Most recently, a min­
eral resources map of the Choteau 1® x 2® quadrangle in­
cluding Cotter Basin was published (Earhart and others, 
1981). McClernan (1983) briefly mentioned Cotter Basin 
while describing the Lincoln-Poorman Mining Area.
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APPENDIX C
X-RAY DIFFRACTION RESULTS FOR VEIN HEAVY MINERAL SEPARATES
CC.V:4 X X X
CC.V;5 X
D.V:1 X X X
D.V;3 X X X
D.V:4 X X X
7.V;1 X X X
P.V:1 X X X
P.V:2 X
P.V:3 X X X
P.V:5 X
P.V:6 X X X
P.V:7 X X
P.V:8 X X
P.V:9 X X X
Abbreviations : Gn = Galena 
Tt = Tetrahedrite 
Cp = Chalcopyrite 
Cc = Chalcocite 
Bn = Born1te 
Bro = Brochantite 
Hal = Malachite 
Az = Azurite 
Bar = Barite
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APPENDIX D 
Trace Element Geochemistry Data
All values in ppm unless otherwise stated 
Abbreviations :
1) L-detected, but error exceeds 
sensitivity
2) n.d.-not detected
3) n.a.-not analyzed
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Veins (V)
Sample Ag Cd Co Cu Fe Mo Ni Pb Zn
CC.V:4 160 3.5 L 13% 1.2% 120 n.d. 330 n.a.
+ 5.5 + 0.5 ±1.0% ±0.04% + 21 + 24
CC.V:5 49 12 17 8.9% 2.1% 71 n.d. 1200 n.a.
+ 3.7 + 0.6 + 3.1 ±0.71% ±0.07% ±15 ± 48
D.V:1 39 9.4 19 4.7% 5500 210 n.d. 260 110
+1.4 + 0.2 + 1.4 ±0.3% + 180 ± 27 ± 11 ± 13
D.V:3 40 13 11 4.8% 5300 86 L 390 230
+ 1.4 +0.3 +1.1 ±0.3% ± 170 + 12 + 14 + 30
D.V:4 910 L L 49% 6.2% 250 n.d. L n.a.
+ 31 ±3.9% ±0.20% ± 62
7.V:1 26 6.8 5.9 1.8% 5000 L n.d. 730 320
+ 1.2 +0.2 +0.8 +0.15% ± 160 ± 23 + 35
P.V:1 5.6 11 21 2600 2100 130 L 340 86
+0.8 +0.3 + 1.4 + 210 ± 69 + 17 ± 1 3 ±8.1
P.V:2 22.7 9.5 20 5100 4500 23 L 63 310
+ 1.1 + 0.2 + 1.4 + 410 + 150 ±4.4 ±5.5 + 34
P.V:3 16.7 7.0 21 3800 2200 17 n.d. 73 200
±1.0 +0.2 ±1.5 + 300 + 72 ±3.6 ±5.8 ± 2 5
P,V:4 L 4.2 24 990 2300 22 n.d. 86 n.a.
• +0.2 + 1.6 + 79 + 75 ±4.2 + 6.1
P.V:5 L 3.9 24 36 1800 n.d. n.d. 93 n.a.
+0.2 ±1.6 +0.9 + 57 ±6.3
Ln
o
Sample Ag Cd Co Cu Fe Mo Ni Pb Zn
P.V:6 L 14 22 2000 2900 53 n.d. 110 240
+ 0.3 +1.5 + 160 + 95 +8.0 +6.8 + 31
P.V;7 38 18 16 9600 3000 91 n.d. 510 330
+1.4 +0.4 +1.3 + 770 + 99 + 13 + 18 + 35
P,V:8 40 31 14 1.7% 3700 190 n.d. 840 620
±1.4 +0.6 + 1.2 +0.14% ±.120 + 26 + 26 + 62
P.V:9 6.8 8.0 22 3200 2100 80 n.d. 320 90
+0.8 +0.2 +1.5 + . 260 + . 69 + 12 + 12 +8.4
in
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Sedimentary Rocks in Fault Zone (SP)
Sample Ag Cd Co CU Fe Mo Ni Pb Zn
D-SF;2 25 2.2 11 3.4% 2.4% 22 15 80 160
±1.1 ±0.1 ±1.1 ±0.27% ±0.08% ±4.2 ±1.3 ±6.0 ± 23
2.SF;l-2d 4.4 3.6 10 5500 1.3% L 6.4 30 220
±0.8 ±0.2 ±1.0 ± 44'0 ±0.04% ±0.9 ±1.7 i 26
2.SF:6-7d 10 4.9 14 6800 1.1% L 9.3 31 360
±0.9 ±0.2 ±1.2 ± 540 ±0.03% ±1.0 ±1.8 ± 37
2.SF:7-8d 34 6.6 11 1.1% 1.2% L 10 26 570
±1.3 ±0.2 ±1.1 ±0.08% ±0.04% ±1.1 ±1.6 ± 5 9
2.SF:8-9d L 3.0 13 1400 1.0% L 4.9 33 n.a.
±0.2 ±1.1 ± 120 ±0.03% ±0.8 ±1.8
2.SF;9-10d n.d. 3.7 13 1200 1.2% L 6.1 36 n.a.
±0.2 ±1.1 ± 94 ±0.04% L ±0.9 ±1.9
2.SF:10-lld 4.2 3.7 10 2200 9300 13 3.9 30 110
±0.8 ±0.2 ±1.0 ± 180 ± 300 ±3.1 ±0.7 ±1.7 ± 13
2.SF:ll-12d * 11 4300 9100 12 L 34 160
±0.9 ±0.2 ±1.1 ± 340 ± 300 ±3.0 ±1.8 ± 19
2.SF:12 -13d L 3.7 13 1500 9800 15 L 30 n.a.
±0.2 ±1.1 ± 120 ± 320 ±3.3 ±1.7
2.SF:11.5d 15 4.3 9.6 4200 8400 L 4.3 36 140
'±1.0 ±1.0 ±1.0 ± 340 ± 270 ±0.8 ±1.9 ± 18
7.SF:0-.5h 4.5 4.0 7.7 6300 4100 L L 230 110
±0.8 ±0.2 ±0.9 ± 510 ± 130 ± 10 ± 13 LnW
Sample Ag Cd Co Cu Fe Mo Ni Pb Zn
7.SF:.5-lh 7.9
+0.8
3.0
+0.2
11 
+ 1.0
8800 
+ 700
5500 
+ 180
n.d. 6.2 
+ 0.9
89
±6.2
38
±5.6
7.SF:l-2h L 3.1
+0.2
9.9 
+ 1.0
4200 
+ 340
9100 
+ 290
n.d. 4.9
±0.8
40
±2.0
41 
+ 5.7
7.SF:2-3h n.d. 3.5
+0.2
11 
+ 1.0
3400 
+ 270
1.2%
+0.04%
n.d. 4.2
±0.8
33
+1.8
37
±5.5
7.SF;3-4h 3.4
+0.8
3.1
+0.2
11 
+ 1.0
5900 
+ 470
1.2%
+0.04%
n.d. 7.5
±0.9
47
±2.2
55
+6.5
P.SF;1 n.d. 1.2
+0.1
7.9
+0.9
4600 
+ 370
1.1%
+0.03%
n.d. 14 
+ 1.3
26
±1.7
n.a.
P.SF;2 L 2.5 
+ 0.1
18 
+ 1.3
2000 
+ 160
3900 
+ 130
n.d. 3.5
±0.7
45
±2.1
n.a.
P.SF:3 n.d. 0.9
+0.1
7.4
+0.9
280 
+ 23
1.2%
+0.04%
n.d. 17
±1.4
23
±1.6
n.a.
P.SF:4 n.d. 1.2
+0.1
8.6
+1.0
23 
+ 0.7
1.1%
±0.04%
12 
+ 3.0
11 
+ 1.1
17 
± 1.4
n.a.
P.SF:5 n.d. 3.0
+0.2
14 
+ 1.2
1700 
+ 140
1.2% 
+ 0.4%
n.d. L 250 
± 10
n.a.
P.SF;6 n.d. 4.2
+0.2
12
+1.1
4700 
+ 380
1.3%
+0.04%
22
±4.2
L 25
+1.6
120 
± 13
P.SF:7 n.d. 1.4
+ 0.1
12 
+ 1.1
2500 
+ 200
1.0%
±0.03%
12
±3.0
12
±1.2
21
±1.5
72
±7.4
Ln
Sample __ Ag Cd Co Cu Fe Mo Ni Pb Zn
P.SF:8 n.d. 1.4 10 1200 7300 13 7.2 25 58
±0.1 ±1.0 ±96 ± 240 ±3.1 ±0.9 ±1.6 ±6.7
P.SF:9 n.d. 2.5 18 2700 5300 13 2.7 230 71
±0.1 ±1.3 ± 210 ±170 ±3.1 ±0.7 ± 10 ±7.3
P.SF;0-5d n.d. 2.0 10 4800 9600 33 6.3 28 60
±0.1 ±1.0 ± 380 ± 310 ±5.6 ±0.9 ±1.7 ±6.8
P.SF:5-10d n.d. 1.7 11 6600 9300 20 7.4 24 61
±0.1 ±1.1 ± 530 ± 300 ±4.0 ±0.9 ±1.6 ±6.8
P.SF;10-14d n.d. 2.3 13 2000 7400 15 9.4 250 66
±0.1 ±1.1 ± 160 ± 240 ±3.4 ±1.0 ±11 ±7.1
P.SF;31-36d n.d. 2.5 12 5200 1.0% 14 6.3 400 130
±0.1 ±1.1 ± 410 ±0.03% ±3.2 ±0.9 ± 15 ± 14
P.SF:36-41d n.d. 1.4 10 790 1.0% L 6.9 130 72
±0.1 ±1.0 ± 63 ±0.03% ±0.9 ±7.4 ±7.4
P.SF:41-46d n.d. 1.9 12 390 1.0% 17 6.2 77 77
±0.1 ±1.1 ± 31 ±0.03% ±3.6 ±0.9 ±5.9 ±7.5
P.SF:46-51d n.d. 0.8 7.9 3700 1.3% 14 15 12 89
±0.1 ±0.9 ±300 ±0.04% ±3.2 ±1.3 ±1.3 ±8.3
P,SF;51-56d n.d. 1.9 12 170 1.4% 16 9.7 140 73
±0.1 ±1.1 ±2.4 ±0.05% ±3.5 ±1.1 ±7.6 ±7.5
P.SF:56-61d n.d. 1.3 10 2000 8100 13 11 90 76
±0.1 ±1.0 ± 160 ± 260 ±3.1 ±1.1 ±6.3 ±7.6
U1Ln
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Sedimentary Rocks Spatially Unassociated with Faulting (SU)
Sample _ Ag Cd Co Cu Fe Mo Ni Pb Zn
l.SUrl 3.9
+0.8
3.4
+0.2
14
±1.2
12
±0.6
8800 
± 280
L 6.6
±0.9
35
±1.9
n.a.
4.SU:1 L 1.4
+0.1
11
±1.1
8.2
±0.6
1.2%
±0.04%
L 11
±1.1
15
±1.4
n.a.
5.SU:1 L 3.4
+0.2
8.3
±0.9
15
±0.6
9300 
± 300
14
±3.2
8.5
±1.0
19
±1.5
n.a.
6.SU;1 L 1.8
+0.1
9.2
±1.0
4.3
±0.5
1.1%
±0.03%
L 12
±1.1
9.1
±1.2
n.a.
8.SU:1 3.7 
+ 0.8
2.1
+0.1
15
±1.2
16
±0.6
1.3%
±0.04%
14
±3.2
13
±1.2
10
±1.2
n.a.
9,SU:1 n.d. 1.5
±0.1
5.8
±0.8
25
±0.7
1.2%
±0.04%
n.d. 8.4
±1.0
13
±1.3
n.a.
S.SU:0-lv L 1.0
+0.1
11
±1.0
6.6 
±0.5
1.17%
±0.04%
n.d. 9.1
±1.0
10
±1.2
n.a.
S*SU:l-2v n.d. 0.8
±0.1
5.7
±0.8
15
±0.6
1.3%
±0.04%
n.d. 6.0
±0.8
n.d. n.a.
S.SU:2-3v n.d. 1.4
±0.1
11
±1.1
12
±0.6
1.0%
±0.04%
n.d. 3.2
±0.8
n.d. n.a.
S.SU:4-5v n.d. 2.4
±0.1
16
±1.2
14
±0.6
1.2%
±0.04%
n.d. n.d. n.d. n.a.
S,SU:5-6v n.d. 1.7
±0.1
14
±1.2
15
±0.6
1.0%
±0.03%
n.d. n.d. n.d. n.a.
Ln
Sample________Ag_______Cd_______Co_______Cu_______Fe_______Mo_______Ni_______Pb_______Zn
S.SU:6-7v n.d* 1.4
+0.1
13
+1.1
15
+0.6
1.3%
+0.04%
n.d. n.d. n.d. n.a.
S.SU:7-8v n.d. 1.1
+0.1
31 
+ 1.9
12 
+ 0.6
2.6%
+0.08%
n.d. n.d. n.d. n.a.
S,SU:8-9v n.d. 2.4
+0.1
20
+1.4
12
+0.6
1.3%
+0.04%
n.d. n.d. n.d. n.a.
S.SU:9-10v n.d. 2.1
+0.1
16
+1.3
14 
+ 0.6
1.1%
+0.03%
n.d. n.d. 23
+1.6
n.a.
S.SU:10-llv n.d. 2.1
+0.1
16 
+ 1.2
12
±0.6
1.2%
+0.04%
n.d. n.d. n.d. n.a.
S.SU:ll-12v n.d. 1.4
+0.1
10 
+ 1.0
15 
+ 0.6
1.5%
+0.05%
n.d. 8.1 
+ 1.0
n.d. n.a.
S.SU:12-13v n.d. 1.4
+0.1
8.5 
+ 1.0
15
+0.6
1.3%
+0.04%
L 8.1 
+ 1.0
n.d. n.a.
T.SU:6-7v n.d. 0.7
+0.1
6.2
+0.9
17
+0.6
1.3%
+0.04%
L 7.6
+0.9
n.d. n.a.
T.SU;7-8v n.d. 1.3
+0.1
13
+1.1
15
+0.6
1.4%
+0.05%
L 7.3
+0.9
n.d. n.a.
T.SU:8-9v n.d. 1.4
+0.1
6.8
+0.9
15
+0.6
1.2%
+0.04%
L 8.5 
+ 1.0
n.d. n.a.
T.SU:9-10v n.d. 1.7
+0.1
7.4
+0.9
15 
+ 0.6
1.0%
+0.03%
L 8.3 
+ 1.0
16 
+ 1.4
n.a.
in
00
Sample Aq Cd Co Cu Fe Mo Ni Pb Zn
T.SU:10-llv n.d. 2.0
+0.1
10
±1.0
12
±0.6
1.1%
±0.04%
L 4.3
±0.8
n.d. n.a.
T,SU:12-13v n.d. 1.0
±0.1
5.5
±0.8
18
±0.7
1.3%
±0.04%
L 10
±1.1
n.d. n.a.
T.SU:13-14v n.d. 1.7
±0.1
8.9
±1.0
3.9
±0.5
1.2%
±0.04%
L 8.4
±1.0
n.d. n.a.
T.SU:15-16v n.d. 2.3
±0.1
10
±1.0
12
±0.6
1.3%
±0.04%
L 6.1
±0.9
n.d. n.a.
T.SU;16-17v n.d. 1.7
±0.1
9.0
±1.0
12
±0.6
1.3%
±0.04%
L 8.9
±1.0
n.d. n.a.
T.SU;17-18v n.d. 2.0
±0.1
8.8
±1.0
17
±0.6
1.5%
±0.05%
h 10.8
±1.1
n.d. n.a.
T.SU;18-19v n.d. 1.3
±0.1
6.0
±0.9
14
±0.6
1.6%
±0.05%
L 8.4
±1.0
n.d. n.a.
T.SU:19-20v n.d. 1.9
±0.1
7.0
±0.9
2.8
±0.5
1.2%
±0.04%
L 5.8
±0.8
n.d. n.a.
T.SU:20-21v n.d. 1.3
±0.1
7.1
±0.9
4.2
±0.5
1.1%
±0.04%
n.d. 5.3
±0.8
18
±1.4
n.a.
T,SU:21-22v n.d. 2.2
±0.1
7.8
±0.9
5.6
±0.5
1.4%
±0.04%
n.d. 11
±1.1
n.d. n.a.
T.SU:22-23v n.d. 1.6
±0.1
11
±1.0
5.6
±0.5
1.4%
±0.04%
L 13
±1.2
n.d. n.a.
LJlVO
Sample Ag Cd Co Cu Fe Mo Ni Pb Zn
T.SU:23-24v n.d. 2.5
+0.1
10
±1.0
5.6
±0.5
1.2%
±0.04%
L 6.5
±0.9
n.d. n.a.
T.SU:24-25v n.d. 1.6
±0.1
5.9
±0.8
4.2
±0.5
1.3%
±0.04%
n.d. 9.7
±1.1
n.d. n.a.
T.Su;25-26v n.d. 1.9
±0.1
5.3
±0.8
25
±0.7
1.5%
±0.05%
L 11
±1.1
n.d. n.a.
T.SU:26-27v n.d. 1.6
±0.1
11
±1.1
8.4
±0.6
1.9%
±0.06%
L 12
±1.2
n.d. n.a.
T.SU:27-28v n.d. 2.5
±0.1
10
±1.0
61
±1.2
1.6%
±0.05%
L 12
±1.2
26
±1.6
n.a.
T.SU:28-29v n.d. 1.6
±0.1
12
±1.1
42
±0.9
2.0%
±0.07%
L 12
±1.2
n.d. n.a.
T.SU:29-30v n.d. 1.4
±0.1
38
±2.2
39
±0.9
3.4%
±0.11%
L 33
±2.3
52
±5.2
n.a.
T.SU:30-31v n.d. 0.8
±0.1
4.5
±0.8
120
±1.8
1.3%
±0,04%
L 14
±1.3
n.d. n.a.
T.SU:31-32v L 2.4
±0.1
9.2
±1.0
39
±0.9
1.5%
±0.05%
L 7.9
±1,0
27
±1.7
n.a.
T.SU:32-33v. L 2.7
±0.2
12
±1.1
13
±0.6
1.5%
±0.05%
L 4,2
±0.7
27
±1.7
n.a.
T.SU:33-34v n.d. 1.2
±0.1
7.4
±0.9
32
±0.8
1.2%
±0.04%
L 8.4
±1.0
27
±1.7
n.a.
a\
o
Sample Ag Cd Co eu Fe Mo Ni Pb Zn
T.SU:34-35v L 2.2 21 33 1.2% L 13 64 30
+0.1 ±1.5 ±0.8 ±0.04% ±1.2 ±5.6 ±5.1
T.SU;35-36v L 3.4 11 10 1.3% L L 410 n.a
±0.2 ±1.1 ±0.6 ±0.04% ±15
U.SU:34-35v n.d. 2.1 14 55 1.3% 21 9.2 57 n.a
±0.1 ±1.2 ±1.1 ±0.04% ±4.1 ±1.0 ±5.4
U.SU:35-36v n.d. 3.4 13 13 1.2% 20 L 77 n.a
±0.2 ±1.2 ±0.6 ±0.04% ±4.0 ±5.9
U.SU:36-37v n.d. 2.8 16 11 9600 20 L 79
±0.2 ±1.2 ±0.6 ± 310 ±4.0 ±6.0 n.a
U.SU:37-38v n.d. 3.1 12 15 9900 14 5.0 67 n.a,
±0.2 ±1.1 ±0.6 ± 320 ±3.2 ±0.8 ±5.6
U.SU:38-39v n.d. 2.8 11 26 1.0% L 5.4 96 63
±0.2 ±1.1 ±0.8 ±0.03% ±0.8 ±6.4 ±6.9
U.SU:39-40v L 4.7 12 18 1.1% L 5.8 90 160
±0.2 ±1.1 ±0.7 ±0.03% ±0.8 ±6.3 ± 23
U.SU:40-41v L 6.9 12 8.6 7400 L 4.5 8.4 n.a.
±0.2 ±1.1 ±0.6 ± 240 ±0.8 ±6.1
U.SU:41-42v L 5.5 12 70 7100 L 4.7 64 270
±0.2 ±1.1 ±1.2 ± 230 ±0.8 ±5.6 + 32
U.SU;42-43v L 3.7 12 38 6900 12 8.3 37 290
±0.2 ±1.1 ±0.9 ± 220 ±2.9 ±1.0 + 1.9 + 33
cr»
Sample Ag . Cd Co Cu Fe Mo Ni Pb Zn
U.SU:43-44v L 6.4
±0.2
18
±1.3
14
±0.6
1.1%
±0.04%
L 9.2
±1.0
110
±6.8
400 
± 50
U.SU:44-45v L 3.0
±0.2
14
±1.2
8.5
±0.6
1.0%
±0.03%
L 5.3
±0.8
330 
± 13
34 
± 5.4
U.SU:45-46v L . 3.1
±0.2
12
±1.1
11
±0.6
1.1%
±0.04%
L 6.0
±0.8
80
±6.0
n.a.
U.SU;47-48v 6.2 . 
+0.8
2.7
±0.2
12
±1.1
17
±0.6
9800 
± 320
L 6.5
±0.9
57
±5.4
n.a.
U.SU;48-49v L . 3.4
±0.2
12
±1.1
11
±0.6
9100 
± 290
L 3.8
±0.7
40
±2.0
n.a.
U,SU:49-50v .L 4.0
±0.2
14
±1.2
13
±0.6
1.0%
±0.03%
L
±2.9
10
±1.1
320 
± 12
430 
± 51
U.SU:50-50.4v L . 3.7
±0.2
12
±1.1
7.3
±0.5
9800 
± 320
L 3.6
±0.7
31
±1.8
n.a.
V.SU:71-72v n.d. 0.8
±0.1
8.0
±0.9
17
±0.7
2.1%
±0.07%
L 18
±1.5
n.d. n.a.
V.SU:72-73v n.d. 2.1
±0.1
10
±1.0
5.3
±0.5
1.6%
±0.05%
L 13
±1.2
24
±1.6
n.a.
V.SU:73-74v n.d. 1.1
±0.1
10
±1.0
13
±0.6
2.3%
±0.07%
L 21
±1.7
n.d. n.a.
V.SU;74-75v n.d. 1.1
±0.1
17
±1.3
21
±0.7
2.0%
±0.07%
13
±3.1
20
±1.6
31
±1.8
n.a.
ONNJ
Sample_________ Ag Cd_______Co_______Cu_______Fe_______Mo_______Ni pb Zn
V.SU:74-75v n.d. 1.1 17 21 2.0% 13 20 31 n.a.
+0.1 + 1.3 +0.7 +0.07% ±3.1 ±1.6 ±1.8
V.SU:75-76v n.d. 1.5 15 21 1.6% L 14 33 n.a.
+0.1 + 1.2 +0.7 +0.05% ±1.3 ±1.8
V.SU:76-77v n.d. 1.5 13 18 1.3% L 10 29 n.a.
+0.1 + 1.1 +0.7 +0.04% ±1.1 ±1.7
V.SU:77-78v n.d. 2.1 13 10 1.2% L 7.4 29 n.a.
+0.1 +1.1 +0.6 +0.04% ±0.9 ±1.7
V.SU;78-79v n.d. 1.8 13 13 1.2% L 11 26 n.a.
+0.1 + 1.2 +0.6 ±0.03% ±1.0 ±1.7
V.SU:80-81v L 2.4 10 25 1.1% L 6.7 28 n.a.
+0.1 +1.0 + 0.7 ±0.04% ±0.9 ±1.7
V.SU;90-91v L 3.1 8.9 20 8700 L 7.3 26 n.a.
+0.1 +1.0 +0.7 ± 280 ±0.9 ±1.6
V.SU:91-92v L 3.4 12 15 1.0% L 3.8 36 n.a.
+0.1 ±1.1 +0.6 ±0.03% ±0.7 ±1.9
<7\W
164
Oolite Horizon (SOH)
Sample Ag Cd Co Cu Fe Mo Ni Pb 2n
3.S0H:1 5.3 4.4 16 130 3800 14 L 66 n.a.
+0.8 ±0.2 ±1.3 ±1.9 ± 120 ±3.2 ±5.6
CC.S0H:4-1 14 2.4 20 1900 2.5% L 23 96 150
+ 0.8 ±0.1 ±1.3 ± 150 ±0.08% ±1.7 ±5.6 ± 19
CC.SOH;4-2 3.8 6.8 29 260 6800 L 10 47 n.a.
+0.6 ±0.2 ±1.7 ± 21 ± 220 ±1.0 ±2.2
CC.SOH:4-3 6.9 7.1 28 8200 1.0% L 6.3 350 160
+0.8 ±0.2 ±1.6 ± 660 ±0.03% ±0.8 ± 13 ± 22
CC.SOH:4-5 12 11 28 1.2% 1.2% 73 6.0 320 260
+0.9 ±0.2 ±1.6 ±0.10% ±0.04% ±11 ±0.7 ± 12 ± 31
CC.SOH:4-6 19 12 27 1.1% 9600 19 5.1 380 350
±1.0 ±0.3 ±1.6 ±0.09% ± 310 ±3.8 ±0.7 ± 14 ± 47
CC.SOH;4-7 47 3.4 21 2700 2.0% n.d. 12 49 95
+ 1.4 ±0.1 ±1.4 ± 220 ±0.07% ±1.1 ±4.4 ± 14
CC.9CH:005-1 29 2.1 24 25 2.3% L 16 40 87
+ 1.1 ±0.1 ±1.5 ±0.7 ±0.07% ±1.4 ±1.8 ±10
CC.90H:005-2 3.8 6.7 27 100 5600 L 3.4 100 n.a.
±0.6 ±0.2 ±1.6 ±1.6 ± 180 ±0.7 ±6.6
CC.SCH;005-3 3.9 8.2 26 150 6700 12 3.1 170 n.a.
±0.6 ±0.2 ±1.6 ±2.1 ± 220 ±2.7 ±0.7 ±8.4
OC.SOH;005-4 30 4.4 20 36 2.5% L 15 160 140
±1.1 ±0.2 ±1.3 ±0.9 ±0.08% ±1.3 ±7.4 ± 19
(T\Ul
Sample Ag Cd Co Cu Fe Mo Ni Pb Zn
C3C.S0H; 82-01 4.4 3.5 13 150 4000 L 3.3 160 n.a
+0.8 ±0.2 ±1.2 ±2.2 ± 130 ±0.7 ±8.0
CC.SCH:82-3* L 1.3 L 740 1.3% L 9.5 18 n.a
±0.1 ± 59 ±0.04% ±1.0 ±1.4
OC^SOH:82-3** L 2.6 3.1 150 8500 L 5.4 60 n.a
±0.1 ±0.7 ±2.2 ± 280 ±0.8 ±5.5
OC.90H:82-3b 6.0 3.9 23 6400 1.0% L 11 640 200
±0.8 ±0.2 ±1.5 ±510 ±0.03% ±1.1 ± 21 ± 25
C3C;SCH:82-3T1 4.9 4.2 21 5300 6300 29 3.7 360 130
+0.8 ±0.2 ±1.4 ± 430 ± 210 ±5.1 ±0.7 ± 13 ± 18
œ.S0H:82-3T2 5.0 5.5 21 4100 6300 L 4.5 470 240
±0.8 ±0.2 ±1.5 ± 330 ± 200 ±0.8 ± 17 ± 31
OC,SCH:82-3T3 L 1.6 18 2000 1.4% L 24 140 n.a.
±0.1 ±1.3 ± 160 ±0.05% ±1.8 ±7.6
o>
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Igneous Rocks (IDP & IMA)
Sample Ag Cd Co Cu Fe Mo Ni Pb Zn
Q-IDP:1 L 1.0
+0.1
9.2
+1.0
530
+42
1.7%
+0.05%
L 17
+1.5
n.d. n.a.
9.IMA:2 L 1.0
+0.1
31
+1.9
62 
+ 1.2
3.3%
+0.1%
L 57 
+ 3.7
n.d. n.a.
T*IMA;36-37v n.d. 1.1
+0.1
22
+1.5
120 
+ 1.8
2.9%
+0.1%
16 
+ 3.4
L n.d. n.a.
U.IMA;36-37v n.d. 0.8
+0.1
16
+1.3
39
+0.9
2.3%
+0.08%
L 5.2
+0.8
n.d. n.a.
V.IMA:75-76v n.d. 0.8
+0.1
17
+1.3
22
+0.9
3.4%
+0.9
L L
+0.8
15
+1.5
n.a.
00
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APPENDIX E 
HOT EXTRACTION DISSOLUTION TECHNIQUE
The following is the hot extraction dissolution tech­
nique used for geochemical trace element analysis:
1) Dry -200 mesh sample for 24 hours at 110® C.
2) Weigh 5.0 grams of rock or 0.1 grams of sul­
fides, and place in a 250 ml pyrex beaker.
Add 50 ml instra-analyzed HNO^ and 5 ml Br^ 
and cover. Let contents rest for 24 hours.
3) With the cover still on, heat the beaker at
50®C until all the Br. is evaporated, and then 
turn up the heat to 100®C and heat overnight.
4) The next day, remove the cover, rinsing into 
the beaker, and continue heating until con­
tents are dry.
5) When contents of beaker have dryed, add 100 ml 
of 5% HCl and 10 ml of HNO^ (both acids instra- 
analyzed), and recover.
6) Cover and bring to a boil, remove from heat, 
and uncover, rinsing the cover.
7) While the liquid is still hot, filter the 
sample into a 250 ml volumetric flask, rins­
ing thoroughly the beaker into the filter. 
Continue adding water through the filter un­
til final volume is nearly reached, and then 
bring to volume. The final matrix will con­
sist of 4% nitric acid and 2% hydrochloric 
acid.
8) Save the filter paper and residual matter 
for possible future use.
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APPENDIX F 
AAS Operating Parameters
Element
Concentration 
Range in ppm 
of standards
Wavelength,
Nanometers
Lamp 
Current, 
ml11lamps
Sepectral
Band
Pass, nm
Integration Flame 
Time, sec Support
Burner
Height, Comments 
inches
Ag 0.05-1,50 327.9 3 0.20 10 Air 2.5
Cd 0.01-0.60 228.8 3 0.50 10 Air 3.0 lap very stable
.Co 0.20-1.00 240.7 6 0.40 10 Air 2.0
Cu 0.50-4.0 324.7 3 0.20 10 Air 3.0
t t 4.0-8.0 II II II II II II
I t 8.0-15.0 327.4 II It It It II
It 20.-40. 217.9 It 0.30 II II II
I t 50-80 II II II II II II
II 60-125 222.6 II 0.35 II II II
Cu 130-200 II 3 II 10 Air 3.0
Fe 6.0-10.0 284.2 5 0.20 10 Air 2.5
II 12.0-20.0 II II II II II II
II . 20-75 385.8 II II II II II
* Fuel Is Acetylene with an oxidizing flame.
Element
Concentration 
Range in ppm 
of standards
Wavelength,
nanometers
Lamp 
Current, 
mi11lamps
Spectral
Band
Pass, nm
Integration 
Time, sec
Flame
Support
Burner
Height, Comments 
inches
Fe 50-100 385.8 5 0.20 10 Air 2.5
II 90-160 II II II II II II
II 120-200 II II II II II II
II 200-800 392.0 8 II II II II
Mo 2.0-10.0 313.0 5 & 6 0.3-0.8 10 N2 O 3.0 Danp Nodes B & C, also
Ni 0.1-0.8 231.7 5 & 6 0.2-0.A 10 Air 3.0 H2 -CGiTtinuun lanp
Pb 0.25-1.25 283.1 5 0.20 10 Air 3.0 Danp Mode A, also
II 1.0-3.0 II II II II II II II
II 3.0-6.0 II II II II II II II
II 6.0-10.0 II II II II II II II
Pb 10.0-18.0 283.1 5 0.20 10 Air 3.0
Zn 213.7 5 0.20 N/A Air 3.0 Daip Mode B
*Fuel is Acetylene with an oxidizing flame.
N)
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APPENDIX G
Major Mineral Percentages for Sections T, U, and V. *, 1 
Sample _%_Qtz %Ksp %Ser %Chl %Cal %Dol %Plae________
T.SU:6-7v 59.1 0.0 8.9 5.3 8.0 12.5 6.2T.SU:7-8v 55.4 0.0 6.8 5.1 14.0 11.0 7.6T.SU:8-9v 59.5 0.0 6.5 4.9 9.7 11.9 7.6T.SU:9-10v 59.2 0.0 3.5 2.7 5.3 23.9 5.3T,SU:10rllv. 58.6 0.0 3.7 2.8 0.0 28.5 6.4
T-SU:12-13v 64.1 0.0 9.3 9.8 0.0 6.5 10.3T.SU:13-14v 6.1 0.0 3.7 4.1 0.0 23.0 8.3T.SU:15-16v 43.4 2.5 5.0 5.0 0.0 38.3 5.8T.SU:16-17v 42.0 0.0 5.7 5.7 7.1 33.9 5.7T.SU:17-18v 44.7 6.1 4.0 4.0 4.0 31.7 5.4
T.SU:18-19v 59.7 3.8 3.8 4.3 8.5 11.4 8.5
T.SU:19-20v 61.9 0.0 0.0 4.6 4.6 24.7 4.1
T.SU:20-21v 69.6 2.0 6.1 0.0 6.1 9.1 7.1
T.SU:21-22v 48.5 0.0 7,5 5.6 3.9 24.6 10.5
T.SU:22-23v 56.9 3.7 3.7 4.2 0.0 23.1 8.3
T.SU;23-2Av 46.3 0.0 2,8 3.1 2.1 40.9 4.9
T.SU:24-25v 56.0 0.0 5.1 3.8 0.0 24.8 10.2
T.SU:25-26v 43.7 0.0 4.0 5.0 14.0 23.3 10.0
T.SU:26-27v 59.2 0.0 0.0 6.9 0.0 22.0 11.9
T.SU:27-28v 48.3 2.1 2.8 4.2 0.0 36.4 6.3
T.SU:28-29v 61.2 0.0 5.5 4.1 0.0 21.9 7.3
T.SU:29-30v 70.9 0.0 0.0 2.9 10.0 12.4 3.8
T.SU;30-31v 72.6 0.0 4.2 4.7 4.7 4.2 9.5
T.SU:31-32v 50.4 0.0 3.4 3.9 0.0 37.1 5.2
T.SU:32-33v 37.6 0.0 0.0 6.3 0.0 48.4 7.8
T.SU:33-34v 73.0 2.1 0.0 1.6 0.0 18.0 5.3
T.SU:34-35v 37.6 0.0 3.9 4.9 23.3 23.3 7.1
T.SU:35-36v 32.1 0.0 0.0 2.1 9.3 53.1 3.4
U.SU:34-35v 56.2 0.0 3.4 3.8 15.3 17.0 4.3
U.SU:35-36v 36.0 0.0 3.9 2.9 1.9 51.5 3.9
U.SU:36-37v 23.1 6.1 0.0 2.0 43.6 23.0 2.2
U.SU:37-38v 37.3 0.0 6.3 2.4 19.0 29.6 5.3
U.SU:38-39v 41.9 0.0 2.6 2.9 11.7 31.2 9.7
U.SU:39-40v 32.3 0.0 4.3 1.6 20.2 37.2 4.3
U.SU;40-41v 18.8 0.0 3.3 2.5 55.6 16.1 3.7
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Sample %Qtz %Ksp %Ser %Chl %Cal %Dol %Plae
U.SU:41-42v 24.0 2.1 4.1 2.5 50.8 13.6 2.9U.SU:42-43v 4.0 3.5 3.5 3.5. 48.6 6.4 3.5U.SU:43-44v 28.6 0.0 0.0 3.8 41.2 21.3 5.1
U.SU:44-45v 22.9 1.2 3.9 2.9 43.1 22.1 3.9
U.SU:45-46v 37.4 1.1 5.7 3.4 12.0 34.7 5.7
U.SU:47-48v 38.9 0.0 5.7 5.1 13.6 31.7 5.1
U.SU:48-49v 34.4 0.0 3.6 4.5 14.4 40.7 2.4
U.SU:49-50v 35.2 0.0 7.0 0.0 30.1 18.1 9.5
U.SU:50. 4v 33.7 4.0 4.6 0.0 19.0 33.4 5.2
V.SU;71-72v 59.8 1.1 11.5 10.3 10.3 0.0 6.9
V.SU:72-73v 34.2 0.0 4.2 7.9 48.0 1.6 4.2
V.SU:73-74v 50.7 0.0 13.7 12.8 14.1 4.3 4.3
V.SU:74-75v 38.9 0.0 4.8 10.8 40.7 1.8 3.0
V.SU:75-76v 22.0 2.1 5.8 5.0 39.9 19.9 5.4
V.SU:76-77v 90.1 0.0 3.9 3.9 34.0 11.0 7.1
V.SU:77-78v 35.4 0.0 6.1 2.7 30.2 21.9 3.7
V.SU:78-79v 43.2 0.0 4.2 5.2 27.2 14.6 5.6
V.SU:79-80v 33.6 2.7 3.2 4.0 45.4 5.3 5.8
V.SU:80-81v 35.9 5.2 3.4 6.0 43.8 1.7 4.0
V.SU:90-91v 36.1 1.8 4.9 3.7 40.2 5.5 7.9
V.SU:91-92v 27.8 0.0 0.0 2.6 50.5 13.6 5.5
* from a method devised by Harrison and Grimes (1970)
specifically for Belt rocks. 
1-results are plotted in figure 35
